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RESEARCH  PROBLEMS I N  ATMOSPHERE ENTRY AND 
LANDING FOR MANNED PLANETARY MISSIONS* 
By C. A .  Syvertson 
Ames Research Center 
SUMMARY 
Some of the research problems associated with atmosphere entry for manned 
planetary missions are  assessed with pr imary emphasis  on the problems related 
t o  m i s s i o n s  t o  Mars and  Venus. The assessment i s  d i v i d e d  i n t o  two p a r t s :  
Firs t ,  the requirements  associated with enter ing the Earth 's  a tmosphere are  
def ined ,  and second,  those associated with atmosphere entry and landing a t  t h e  
t a rge t  p l ane t  a r e  cons ide red .  
The assessment of the problems of entering the Earth 's  atmosphere has 
shown t h a t  maximum entry speeds can be expected to range from about 15 t o  
18  km/sec. The problems  of en t ry  a t  t hese  hype rbo l i c  speeds  a re  then  compared 
with  the  problems  of   enter ing  a t   Apol lo 's   speed  of   about  11 km/sec.  These 
compar isons  inc lude  cor r idor  depths ,  acce le ra t ion  h is tor ies ,  and  convec t ive  
and r a d i a t i v e  h e a t i n g .  From these  comparisons i t  i s  shown t h a t  one  major  phe- 
nomenon d is t inguishes  Ear th  en t ry  for  p lane tary  miss ions  from t h a t  f o r  Apollo - 
a marked i n c r e a s e  i n  r a d i a t i v e  h e a t i n g .  The d i f f i c u l t i e s  i n  e s t i m a t i n g  t h e  
r ad ia t ive  hea t ing  o f  b lun t  shapes  a t  hype rbo l i c  speeds  a re  d i scussed .  The 
h e a t  r e j e c t i o n  mechanisms a v a i l a b l e  t o  a thermal  protect ion system are  
reviewed and the relative importance of each mechanism to  the  hea t ing  env i ron -  
ment fo r  hype rbo l i c  en t ry  i s  compared wi th  tha t  fo r  en t ry  a t  Apo l lo  speeds .  
Since the heating environment a t  hyperbol ic  speeds i s  unce r t a in  and s i n c e  t h e  
performance of  the thermal  protect ion system i tself  i s  a l s o  u n c e r t a i n ,  e f f e c t s  
o f  t hese  unce r t a in t i e s  on the weight  of  thermal  protect ion systems are  
examined. 
In  the  second  pa r t  of the  paper ,  i t  i s  shown t h a t  f o r  m i s s i o n s  t o  Mars 
and Venus the  en t ry  speeds  are re la t ive ly  modes t ,  be ing  about  6 t o  10 km/sec 
a t  Mars and  about 11 t o  1 3  km/sec a t  Venus.  For th i s  speed  range  and f o r  t h e  
typ ica l  a tmospheres  sugges ted  for  the  p lane ts ,  convec t ive  hea t ing  does  not  d i f -  
f e r  s i g n i f i c a n t l y  from t h a t  i n  a i r  under   corresponding  condi t ions.  The r ad ia -  
t i v e  h e a t i n g  a t  lower speeds i s  somewhat h i g h e r  t h a n  i n  a i r ,  b u t  a t  speeds 
near  10 km/sec, it w i l l  be  similar t o  t h a t  i n  a i r  a t  corresponding condi t ions 
u n l e s s  s i g n i f i c a n t  amounts  of  argon  are  present.  I t  is  f u r t h e r  shown t h a t  one 
of the primary problems of entering the atmosphere of nearby planets i s  t h e  
terminal   landing maneuver on Mars. With t h e  low su r face  p re s su res  e s t ima ted  
f o r  tha t  p lane t ,  very  la rge  parachutes  deployed  a t  condi t ions  well beyond 
cur ren t  exper ience  w i l l  b e  r equ i r ed .  
- - - - - - . " - . -. - . . - - 
*Presented as "Entry and Landing Requirements f o r  Manned Plane tary  
Missions" a t  AIM Technology f o r  Manned Planetary Missions Meeting, New 
Orleans,   Louis iana,  March 4-6,  1968. 
INTRODUCTION ' 
The ob jec t ive  o f  t he  p re sen t  pape r  i s  t o  examine some of  the  research  
problems associated with atmosphere entry and landing for  manned p l ane ta ry  mis- 
s i o n s .  I t  is  recognized  that   these  missions are well i n t o  t h e  f u t u r e  and, i n  
f ac t ,  a dec is ion  to  car ry  out  such  miss ions  w i l l  no t  be  cons idered  for  a num- 
be r  o f  yea r s .  Thus t h e r e  i s  ample t i m e  t o  d e v e l o p  i n  an o rde r ly  and  economi- 
cal f a sh ion  the  knowledge and technology req-uired to  ca r ry  ou t  t hese  mis s ions .  
Having adequate time may be a s ign i f i can t  advan tage  s ince ,  i n  many cases ,  t he  
opera t iona l  requi rements  for  manned planetary missions represent  major  
advances in   t echnology.  I n  these   cases ,  i t  is necessary f irst  t o  examine t h e  
o p e r a t i o n a l  c h a r a c t e r i s t i c s  o f  example missions,  to  assess  the technology 
requi rements  assoc ia ted  wi th  these  charac te r i s t ics ,  to  compare these  r equ i r e -  
ments w i th  ava i l ab le  t echno logy ,  t o  de f ine  needs  fo r  r e sea rch  to  p rov ide  the  
ind ica ted  advances  in  technology,  to  spec i fy  the  requi rements  for  new f a c i l i -  
t i e s  f o r  e x p e r i m e n t a l  r e s e a r c h ,  and  perhaps  even t o  d e v i s e  new ways t o  a c h i e v e  
t h e  d e s i r e d  c a p a b i l i t i e s  i n  t es t  f a c i l i t i e s .  The process  can  indeed  be a long 
one  and t h e  s t e p s  j u s t  n o t e d  will serve  as  a g e n e r a l  o u t l i n e  f o r  t h e  m a t e r i a l  
t ha t  fo l lows .  
There are two phases of a manned p lane ta ry  mis s ion  tha t  i nvo lve  en t ry  and 
landing - one of these i s  a t  t h e  t a r g e t  p l a n e t  and t h e  o t h e r  i s  a t  Earth 
r e t u r n .  Both of   these  phases  will be   cons ide red ,   bu t   t he   l a t t e r   one ,   Ea r th  
r e t u r n ,  will be considered f i r s t  pr imar i ly  because  the  problems for  th i s  a rea  
a r e  b e t t e r  d e f i n e d .  I t  can also be argued that  a mission must be  p l anned  in  
reverse  wi th  f irst  cons ide ra t ion  g iven  to  the  f ina l  phase  s ince  i t  will 
i n t e r a c t  w i t h  a l l  previous phases .  
S ince  pas t  miss ions  have  provided  cons iderable  exper ience  in  en ter ing  and  
landing  in  the  Ear th ' s  a tmosphere ,  the  pr imary  ques t ions  in  th i s  a rea  asso-  
c ia ted  wi th  manned p lane tary  miss ions  a re  "How  much g r e a t e r  a r e  t h e  e n t r y  
speeds?" and "What  new problems w i l l  be encountered a t  t hese  g rea t e r  speeds?"  
There i s  c o n s i d e r a b l y  l e s s  e x p e r i e n c e ,  e s p e c i . a l l y  i n  t h i s  c o u n t r y ,  r e l a t e d  t o  
en te r ing  and landing  in  the  a tmospheres  of  o ther  p lane ts ,  bu t  the  pr imary  
ques t ion  here  would seem t o  b e  "What problems are  introduced by t h e  d i f f e r -  
ences i n  s t r u c t u r e  and  composition  of  the  planetary  atmospheres?"  Before 
embarking on the  d i scuss ion  tha t  t hese  ques t ions  sugges t ,  it i s  a p p r o p r i a t e  t o  
mention e a r l i e r  r e v i e w s  t h a t  p r o v i d e  a d d i t i o n a l  summaries of future entry and 
landing  problems. The pape r s   o f   Se i f fY3- '  and  Roberts' as we l l  as 
severa l  o thers7-10  provide  usefu l  background for  the  present  subjec t .  
NOTATION 
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s p e c i f i c  h e a t  a t  cons tan t  pressure  
drag 
r e s u l t a n t  a c c e l e r a t i o n  
enthalpy 
a l t i t u d e  
i n t e n s i t y  
spec i f ic  impulse  
l i f t  
Mach number 
mass 
h e a t  f l u x  
gas  constant 
Reynolds number 




longitudinal coordinate measured from bow shock wave toward body surface 
abso rp t ion  coe f f i c i en t  
shock-wave s t andof f  d i s t ance  
emis s iv i ty  
wavelength 
dens i ty  
spher ica l  coord ina te  
Subsc r ip t s  
o re ference   condi t ion  
m free stream 
E e n t r y  
Q l ength  




O f  primary concern when consider ing the problems of  entry a t  Ea r th  r e tu rn  
from a p lane tary  miss ion  is  the magnitude of  the entry speeds that  w i l l  b e  
encountered.  Fortunately,  a l a rge  number o f  mis s ion  and  t r a j ec to ry  s tud ie s  
have been carr ied out  and from these s tudies  a r a t h e r  c lear  p i c t u r e  h a s  
emerged def in ing  qui te  comprehens ive ly  the  range  of  Ear th  en t ry  speeds  asso-  
c ia ted  wi th  miss ions  to  a number o f  ob jec t ives .  Some o f  t h e  ear l ies t  work i n  
t h i s  area were the  con t r ac to r  s tud ie s  funded  by t h e  NASAl1-l5 and NASA 
in-house s tudies .  l 6 , l 7  Most of t h e s e  s t u d i e s  c o n c e n t r a t e d  on m i s s i o n s  t o  
Venus and e s p e c i a l l y  t o  Mars. S tud ie s  o f  mis s ions  to  a wider  var ie ty  of  ob jec-  
t i v e s  were considerably less comprehensive.* From t h e  e a r l i e s t  work, it was 
discovered that  Earth entry speeds were general ly  highest  when the  miss ion  
ob jec t ive  was Mars. However, fu r the r  s tudy  o f  t h i s  p rob lem showed t h a t  t h e  
g r a v i t a t i o n a l  f i e l d  o f  Venus c o u l d  b e  u s e d  t o  a l t e r  t h e  i n t e r p l a n e t a r y  t r a j e c -  
t o r i e s  between Mars and Earth i n  s u c h  a way t h a t  t h e  E a r t h  e n t r y  s p e e d s  would 
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Figure 1.- Earth entry speeds fo r  Mars missions. 
be   r educed   s ign i f i can t ly - .   ?h i s   t ech -  
n ique ,  which became known as t h e  Venus 
Swingby Mode, w a s  found for  a s p e c i a l  
case i n   t h e  work of Ross18 and was 
i n v e s t i g a t e d  more genera l ly  by Sohnlg 
working with Hornby20 and by H o l l i s t e r  
and  Prussing.21  Deerwester22  used  the 
swingby mode ex tens ive ly  fo r  op t imiz ing  
miss ions  and  la te r  Deerwester and 
D'Haem23 made a sys temat ic  s tudy  of  
Mars t r a n s f e r  t r a j e c t o r i e s  u s i n g  Venus 
swingbys . From t h i s  last  s tudy,   Earth 
en t ry  speeds '  fo r  Mars missions are  sum- 
marized i n   f i g u r e  1. Ea r th   en t ry  
speeds are shown fo r  bo th  d i r ec t  and  
swingby t r a n s f e r  t r a j e c t o r i e s  f o r  each 
mission opportuni ty  f rom 1980 t o  1999. 
In  each case, t h e  l e f t  edge of  the bar  
4 
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MERCURY  VEN S  A S  CERES JUPITER 
Figure 2 . -  Earth entry speeds for several mission 
objec t ives .  
i nd ica t e s  t he  speeds  a s soc ia t ed  wi th  
t r a j ec to r i e s  op t imized  a s suming  the  
use  of  a tmosphere  brak ing  for  capture  
a t  Mars whi l e  t he  r igh t  edge  ind ica t e s  
t h o s e  f o r  t r a j e c t o r i e s  o p t i m i z e d  assum- 
ing   propuls ive   b rak ing .   In   bo th  cases, 
t h e  b a s i s  f o r  o p t i m i z a t i o n  was t o  mini- 
mize  t h e  sum o f  t h e  v e l o c i t y  i n c r e -  
ments provided propulsively . The 
f i g u r e  e f f e c t i v e l y  summarizes t h e  now 
well-known r e s u l t  t h a t  Venus swingby 
t r a j ec to r i e s  r educe  the  Ea r th  en t ry  
speeds  fo r  Mars missions by increments 
of 2 t o  8 km/sec.  The s ign i f i cance   o f  
t h i s  r e d u c t i o n  is i n d i c a t e d  i n  f i g -  
ure  2 where the  r ange  o f  Ea r th  en t ry  
speeds  assoc ia ted  wi th  Mars missions 
is  compared wi th   cor responding   ranges   for -o ther   miss ion   ob jec t ives .  I t  is  
appa ren t  t ha t  t he  swingby mode b r ings  the  en t ry  speeds  f o r  Mars mis s ions  in to  
l i ne  wi th  those  f o r  o t h e r  o b j e c t i v e s .  With i t s  use  the  h ighes t  Ea r th  en t ry  
speeds  are   apparent ly   associated  with  missions  to   Mercury.  The entry  speeds 
for Mercury missions were obtained by Manning24 who showed t h a t  u s i n g  Venus 
swingby t r a j e c t o r i e s  a l s o  had advantages for Mercury missions , e s p e c i a l l y  i f  
small propulsive maneuvers were allowed near Venus. 
The r e s u l t s  summarized i n  f i g u r e  2 suggest  a t  l e a s t  two en t ry  speeds  of  
i n t e r e s t  f o r  manned p lane tary  miss ions .  One o f  t h e s e  is  about  15 km/sec s i n c e  
the  capab i l i t y  o f  en te r ing  a t  t h i s  s p e e d  w i l l  permit  a wide  var ie ty  o f  t r i p s  
t o  Mars, Venus,  and t h e  a s t e r o i d s  and  even  se l ec t ed  t r ip s  to  o the r  ob jec t ives  
such as Mercury  and Jupi te r .  Another  speed  of  in te res t  i s  about 18 km/sec 
s i n c e  t h e  c a p a b i l i t y  of en ter ing  the  Ear th ' s  a tmosphere  a t  t h i s  s p e e d  would 
permit a va r i e ty  o f  mis s ions  to  a l l  reasonably  nearby  objec t ives .  In  the  
material that  fol lows,  the problems of en te r ing  a t  t h e s e  two speeds, 15 and 
18  km/sec, w i l l  be examined and, for reference purposes,  compared t o  t h e  c o r r e -  
sponding problems a t  Apollo 's  entry speed of  11 km/sec. 
50 Corridors  and  Accelerations
vE = I I  km/sec 
With the  range  of  en t ry  speeds  o f  
i n t e re s t  e s t ab l i shed ,  t he  p rob lem o f  
capture  a t  Ear th  re turn  can  be  
W n examined. For t h i s   pu rpose ,   en t ry co r -  
n r i d o r s   f o r  a maximum acce le ra t ion   o f  
g 20 
n 10 g are shown i n   f i g u r e  3 as func- n t i o n s   o f   e n t r y   v e h i c l e   l i f t - d r a g   r a t i o  
- -
f o r  t h e  t h r e e  e n t r y  s p e e d s  o f  11, 15, 
and 18 km/sec. A t  t h e  two h ighe r  
speeds  the  cor r idors  are cons iderably  
entry  speed  of  11 km/sec. I t  i s  es t i -  
I I I I I I 
0 .2 .4 .6 .8 1.0 1.2 
L /D less in   dep th   t han   t o se  a t  Apollo 's  
Figure 3 . -  Entry  corridors;  = 10 g. mated,  however, tha t   cur ren t   gu idance  
5 
system technology w i l l  p e r m i t  t h e  d e l i v e r y  o f  t h e  a p p r o a c h i n g  e n t r y  v e h i c l e  t o  
a cor r idor  approximate ly  3 km in  depth ,  p rovided  radar  t racking  f rom Ear th  i s  
a v a i l a b l e .  2 5  I n  t h i s  e v e n t ,  t h e  l i f t - d r a g  r a t i o  r e q u i r e d  f o r  t h e  e n t r y  
veh ic l e  is  r e l a t i v e l y  modest ,  being less  than 0 . 3  f o r  e n t r y  a t  the speeds con- 
s idered.  This  value can undoubtedly be obtained with reasonably configured 
veh ic l e s .  
A c c e l e r a t i o n  h i s t o r i e s  f o r  u n d e r -  
shoo t  t r a j ec to r i e s  t ha t  p roduce  a maxi- 
mum a c c e l e r a t i o n  o f  10 g are shown i n  
aga in ,  11, 15,  and  18  km/sec  and i n  
each  case  the  en t ry  veh ic l e  was 
assumed t o  have a l i f t - d r a g  r a t i o  o f  
0 . 5  and a drag loading of  ~ 5 0 0  kg/m2 
ec (about 100 l b / f t 2   i n   E n g l i s h   u n i t s ) ,  
which a re  approximate ly  the  charac te r -  
i s t ics  of  the  Apol lo  command module. 
With a l l  o f  t h e  t r a j e c t o r i e s  con- 
s t r a i n e d  t o  g i v e  t h e  same maximum 
acce le ra t ion  the  p r imary  d i f f e rences  
t i o n s   a r e  imposed.  These d i f f e rences  
L/D 0.5 f i g u r e  4 .  The th ree   en t ry  speeds   a r e ,  
0 1 0 0  200 300 
TIME FROM 120 km,sec 
Figure 4 . -  Acceleration  histories. a r e   t h e  rates a t  which t h e   a c c e l e r a -  
i n  t h e  a c c e l e r a t i o n  o n s e t  r a t e  a r e  n o t  e x t r e m e ,  however, s i n c e  a t  18 km/sec 
t h e  r a t e  is  only about 50 percent  grea te r  than  for  the  Apol lo  en t ry  speed  of  
11 km/sec. I t   appea r s ,   t he re fo re ,   t ha t   cons ide ra t ions   o f   co r r ido r   dep th   and  
a c c e l e r a t i o n  f o r  E a r t h  c a p t u r e  will not  present  major  new problems f o r  manned 
p lane tary  miss ions .  
Heating 
The increased  en t ry  speeds  assoc ia ted  wi th  manned p lane tary  miss ions  w i l l  
s i g n i f i c a n t l y  i n c r e a s e  e n t r y  h e a t i n g .  The magni tude   o f   th i s   increase  i s  i n d i -  
c a t e d  i n  f i g u r e  5 where  peak  convec t ive  and  rad ia t ive  hea t ing  ra tes  for  a 
b lun t  body a r e  shown as func t ions  of en t ry   speed .  2 6 ~  The b lun t  body con- 
s ide red  was i d e n t i c a l  i n  c o n f i g u r a t i o n  t o  A p o l l o  and w a s  assumed t o  f l y  a t  an 
angle  of  attack of 3 3 O ,  giv ing  a l i f t - d r a g  r a t i o  o f  0 . 5 .  The r e s u l t s  i n  f i g -  E 1 0 0  ure  range 5 i n d i c a t e  f om 11 t o   t h a t   1 8  km/sec over the   the   speed   peak  
convec t ive  hea t ing  r a t e  i nc reases  by a 
fac tor  of  about  3 b u t  t h e  r a d i a t i v e  





1.0 - of  magnitude.  This  increase i s  due, 
u 
W of   course,   to   the  e levated  tempera-  
I the   b lun t   body ' s   s t rong  bow shock 
tures  in  the hot  gas  cap produced by 
W 
.I I I I I I I I wave. A t  the   h igher   speeds  shown t h e  
I I  l2 l 3  l4 l 5  l 6   l 7  r a d i a t i v e   h e a t i n g  would be  even 
ENTRY  SPEED, kmlsec g r e a t e r ,  as suggested by the  shape  of  
Figure 5.- Peak stagnation-point heating rates; the  curve  at the lower speeds if it 
blunt  body, L/D = 0.5.  were  not f o r   s e v e r a l   l e v i a t i n g  
6 
BOUNDARY  L YER phenomena.  These phenomena inc lude  
AND GAS se l f -absorp t ion   and   no adiaba t ic  
e f f e c t s  i n  t h e  shock layer,  and while 
t h e y  t e n d  t o  limit t h e  r a d i a t i v e  h e a t -  
i n g  o f  b l u n t  e n t r y  v e h i c l e s ,  t h e y  a l so  
compl ica te  cons iderably  the  computa- 
t i o n  o f  t h e  r a d i a t i v e  t r a n s p o r t . 2 8  
The one-dimensional transport  problem 
is  i l l u s t r a t e d  s c h e m a t i c a l l y  i n  f i g -  
u re  6 .  From the   ho t   gas   cap ,   hea t  is  
convected and radiated rearward to  the 
body but  hea t  is  a l so  r ad ia t ed  fo rward  
i n t o  t h e  oncoming a i r  stream. Some of 
oncoming s t ream and thus  adds  to  the  
enthalpy of t h e  oncoming a i r .  T h i s  p r e c u r s o r  e f f e c t  i n c r e a s e s  t h e  i n c i d e n t  
energy somewhat29 and can therefore increase temperature in the gas cap;  but  
a t  t h e  same time temperatures are lowered as a r e su l t  o f  t he  lo s s  o f  ene rgy  by 
r a d i a t i o n . 3 0  To e v a l u a t e  t h i s  n o n a d i a b a t i c  e f f e c t  as well as t h e  e f f e c t s  o f  
absorp t ion  i.t i s  n e c e s s a r y  t o  c a r r y  o u t  a de t a i l ed  hea t  ba l ance  on each  volume 
element i n  the  gas  cap .  The cont ro l  e lement  in  the  middle  of  f igure  6 repre-  
s e n t s  one  such  volume  element. The change i n  h e a t  f l u x  w i t h  d i s t a n c e  is given 
by the  equat ion;  the  f irst  term rep resen t s  t he  hea t  abso rbed  r ad ia t ive ly  by 
the   e lement ,  and the  second  term,   that   emit ted.  The heat  absorbed by t h e  e l e -  
ment depends on the  abso rp t ion  coe f f i c i en t  and t h e  i n t e n s i t y  o f  t he  inc iden t  
r ad ia t ion ,  bo th  o f  which are wavelength dependent,  and the intensity i s  spa- 
t i a l ly  dependen t  so  tha t  the  incoming f lux  a t  each wavelength must be inte- 
g r a t e d  o v e r  t h e  s p h e r i c a l  s u r f a c e  v i s i b l e  t o  t h e  e l e m e n t .  The emi t ted  
r a d i a t i o n  is  dependent again on the  abso rp t ion  coe f f i c i en t  and upon Planck 's  
func t ion .   S ince   t hese   func t ions  are frequency  dependent, an i n t e g r a t i o n  must 
be  performed  against   wavelength.  The spec t ra  of  the  gases  are complex, as 
i l l u s t r a t e d  i n  f i g u r e  7 fo r  t he  case  o f  n i t rogen28 ,31  r ad ia t ing  a t  13 ,000°  K .  
This spectrum has several  noteworthy features that provide a convenient device 
f o r  d i v i d i n g  t h e  r a d i a t i o n  i n t o  t r a c t a b l e  s e c t i o n s .  They a r e  t h e  s e t  o f  UV 
Figure 6.- Transport  problem. th i s   forward   f lux  is  absorbed  by  the 
- 1 1  - l ines  between  about  0.1  and 
0 . 2  1-1, t h e  set  o f  I R  l i n e s  n e a r  
-12 - 1 1-1, and the  underlying con- 
X t inuum  radiation.  Furthermore,  
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Figure 7.- Typical  spectrum;  nitrogen, 13,000" K. 
i l l u s t r a t e d  i n  f i g u r e  7 a r e  
u s e d  f o r  t h e  i n t e g r a t i o n  n o t e d  
i n   f i g u r e  6 .  One t y p i c a l  
7 
iii il1 
r e s u l t  is shown i n  figure 8 where t h e  
en tha lpy  d i s t r ibu t ion  be tween  the  bow 
shock and the body surface for  the 
I s t a g n a t i o n   s t r e a m l i e  is  p r e s e n t e d   f o r  
t a n   a l t i t u d e   o f  60 km. 2 7  For t h e s e  
& . 4 -  
5 . 2 -  
2 . 6 -  a b l u n t  body  moving a t  16.1 km/sec a t  
a 
example c o n d i t i o n s ,  t h e  shock-wave 
s t a n d o f f  d i s t a n c e  would be about 
12.7 cm in  ad iaba t ic  f low;  however ,  
coo l ing  o f  t he  gas  cap  wi th  the  r e su l t -  
i n g  d e n s i t y  i n c r e a s e  r e d u c e s  t h i s  d i s -  
t a n c e  t o  s l i g h t l y  l e s s  t h a n  10 cm. 




a CONVECTIVE LOSS 
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SHOCK X /6 WALL The cool ing  due t o   r a d i a t i v e   h e a t   l o s s  
Figure 8.- Energy depletion in shock layer; s i n c e  t h i s  effect  reduces  the  gas  
V, = 16.1 km/sec, h = 60 km, R N ~ ~ ~  = 2 m .  enthalpy more than 50 pe rcen t  nea r  t he  
body. I n   t u r n ,   t h i s   l o s s   h a s  a major 
effect  on the  r ad ia t ive  emis s ion  from the  gas  as is  shown i n  f i g u r e  9 f o r  t h e  
same c o n d i t i o n s  u s e d  i n  f i g u r e  8.  For each s t a t i o n  i n  t h e  shock  layer  the  two 
cu rves  ind ica t e  the  f lux  t r ansmi t t ed  ups t r eam by a l l  the gas downstream of the 
point  and,  conversely,  the f lux t ransmit ted downstream by the gas upstream of 
t h e  p o i n t .  The l a t t e r  c u r v e  is t h e  one impor t an t  t o  the  the rma l  p ro tec t ion  
problem.  Note t h a t  t h e  l o s s  i n  h e a t  and absorp t ion  effects a r e  so  s i g n i f i c a n t  
t h a t  t h e  f l u x  i s  ac tua l ly  dec reas ing  as t h e  flow  approaches  the  body. If  t h e  
flow were i s o e n e r g e t i c  and the gas  were o p t i c a l l y  t h i n ,  t h e n  t h e  c u r v e  r e p r e -  
s e n t i n g  t h e  downstream f l u x  would be l i n e a r  and  t angen t  t o  the  cu rve  in  f ig -  
ure  9 a t  the point  immediately downstream of  the shock ( i .e .  , x/6 = 0 ) .  The 
ma jo r  s ign i f i cance  o f  t he  a l l ev ia t ing  effects i s  shown more g r a p h i c a l l y  i n  
f i g u r e  10 where t h e  r a d i a t i v e  f l u x  t o  t h e  body es t imated  wi th  var ious  assump- 
t i o n s  i s  shown. In  each case t h e  f l u x  i s  d i v i d e d  i n t o  t h e  c o n t r i b u t i o n s  o f  
the  four  components of  the  spec t rum discussed  in  connec t ion  wi th  f igure  7 .  
The f i r s t  b a r  shows t h e  f l u x  f o r  t h e  a d i a b a t i c ,  o p t i c a l l y  t h i n  a s s u m p t i o n .  I n  
t h i s  case, the  ma jo r  con t r ibu to r  i s  the  groupoof  UV l i n e s .  I t  was shown i n  
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Figure 9.- Transmitted  radiative  flux; V, = 16.1 km/sec, h = 60 km, 6, = 12.7 cm. 
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of  the  spec t rum.  Th i s  pa r t  o f  t he  f lux  i s  thus  heav i ly  abso rbed  in  a i r .  This  
absorp t ion  i s  c l e a r l y  e v i d e n t  from the  second  ba r  which  shows t h a t  t h e  f l u x  i s  
reduced more than an order of magnitude by absorption. In many r e s p e c t s  t h e  
second bar  represents  a more appropr ia te  re ference  poin t  f rom which  to  s tar t  
an  ana lys i s  s ince  the  abso rp t ion  o f  t he  W r a d i a t i o n  i s  well known and use of  
t he  una t t enua ted  f lux  r ep resen ted  by t h e  l e f t  b a r  is q u i t e  u n r e a l i s t i c .  Com- 
par i son  of  the  second and  th i rd  bars  shows aga in  the  major  effect  of energy 
loss which, for t h i s  example,  reduces the flux about another order of magni- 
tude.  Th.e f i n a l  b a r  i n d i c a t e s  a rough estimate28 o f  the  abso rp t ion  tha t  migh t  
r e s u l t  from abla t ion  gases  in  the  boundary  layer .**  The summary p r e s e n t e d  i n  
f i g u r e  10  shows t h a t  t h e  a l l e v i a t i n g  e f f e c t s  r e d u c e  t h e  r a d i a t i v e  f l u x  e x p e -  
r ienced  by  the  body t o  well below the level  avai lable  f rom the energy con-  
t a i n e d  i n  t h e  oncoming f low.   In   this   example,   the   f low  energy i s  72 kW/cm2 
and, i n  p r i n c i p l e ,  h a l f  t h i s  e n e r g y  c o u l d  b e  r a d i a t e d  t o  t h e  body s u r f a c e .  
OPTICALLY 
ADIABATIC, The r e s idua l   f l ux   o f   abou t  
THIN UV LINES (-.15@ 5 kW/cm2 i n   f i g u r e  10 is no t  
IOo0 - 640 IJV MNTlNUUH ( <  J z p )  t r i v i a l ,   s i n c e  i t  is  many times 
IR LINES (- Ip) t he  hea t ing  rates tha t  Apol lo  
VISIBLE CHTINUW (>.12/d will experience on entry; in 
a d d i t i o n ,  t h e  fact  t h a t  t h e  
f l u x  i s  r a d i a t i v e  makes thermal 
p r o t e c t i o n  more d i f f i c u l t .  The 
r e s i d u a l  f l u x  l e v e l  is such 
t h a t  it is  s t i l l  well worth- 
w h i l e  t o  a t t e m p t  t o  a v o i d  i t  as 
much as p o s s i b l e .  One tech-  
nique f o r  d o i n g  j u s t  t h a t  h a s  
been suggested by A l l e n ,  S e i f f ,  
Figure 1 0 . -  Summary of r a d i a t i v e  h e a t i n g ;  and Winovich . 3 3  Their  sugges-  
V, = 16.1 km/sec, h = 60 km, t i o n  is t o  employ en t ry  vehic-  
6, = 1 2 . 7  cm. les with conical  forebodies  
~~ " that  produce swept  ra ther  than 
nearly  normal  shock  waves. With the  ob l ique  bow shock  wave, t empera tu res  in  
the gas cap are reduced as a r e s u l t  o f  t h e  r e d u c t i o n  i n  t h e  v e l o c i t y  component 
normal t o  t h e  wave. For .example, a t  18  km/sec  and f o r  a bow shock wave of  30' 
i n c l i n a t i o n ,  t h e  r a d i a t i v e  h e a t i n g  ' i n t e n s i t y  is  less than  tha t  behind  a normal 
shock wave a t  the  Apol lo  en t ry  speed  of  11 km/sec. App l i ca t ions  o f  t h i s  
approach have been examined in  seve ra l  s tud ie s .34 '38  
Configuration Aspects 
I n  o r d e r  t o  e x p l o r e  t h e  effects of  conf igura t ion  on hea t ing  a t  hyperbol ic  
speeds  the  two c o n f i g u r a t i o n s  i n  f i g u r e  11 have  been  s tudied  in  some 
de ta i1 .36 ,37  The b lun t  body is  i d e n t i c a l  i n  s h a p e  t o  t h e  A p o l l o  e n t r y  v e h i c l e .  
The b iconic  shape  is an  app l i ca t ion  of  t h e  p r i n c i p l e  j u s t  d i s c u s s e d  a l o n g  
l i n e s  f irst  suggested  by  Shapland.35 The two configurat ions have ident ical  
l i f t - d r a g  r a t i o s ,  volumes, and weights. 
" 
~~ ~~ ~ ~ " ~ - 
**Recent r e s u l t s  o b t a i n e d  by J i n  H .  Chin32 show t h a t  somewhat greater 
absorp t ion  by  the  ab la t ion  gases  is p o s s i b l e .  
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Figure 11.- Shapes  studied; L/D = 0.5, vol = 22.8 m3, m = 7260 kg 
Peak r a d i a t i v e  h e a t i n g  rates f o r  an average  loca t ion  on each configura- 
t i o n  a r e  shown i n  f i g u r e  1 2 .  38 The ave rage  loca t ion  se l ec t ed  in  bo th  cases  i s  
a t  50 percent  of  the  length  of  the  f ront  face .  As t h e  e a r l i e r  d i s c u s s i o n  s u g -  
gested,  the conical  shape has  much lower  r ad ia t ive  hea t ing  a t  t h e  s e l e c t e d  
loca t ion .  For  example, t h e  r a t e  i s  lower  fo r  t he  b i con ic  a t  18  km/sec than it 
is  f o r  t h e  b l u n t  body a t  11 km/sec.  However, t he  b i con ic  conf igu ra t ion  i s  not 
f ree  of  rad ia t ive  hea t ing  problems;  for  example ,  the  peak  rad ia t ive  hea t ing  
rates f o r  t h e  s t a g n a t i o n  p o i n t s  a r e  shown i n  f i g u r e  1 3 .  For t h i s  l o c a t i o n ,  
the rates f o r  t h e  two shapes are  e s s e n t i a l l y  i d e n t i c a l .  T h i s  r e s u l t  is  r a t h e r  
s u r p r i s i n g  and i t  is  caused  by two e f f e c t s .  First, the  nonadiabat ic   and 
a b s o r p t i o n  e f f e c t s  d i s c u s s e d  e a r l i e r  t e n d  t o  r e d u c e  t h e  e f f e c t s  on hea t ing  
rate of   shock-layer   thickness  and thus  nose  radius .   This   t rend i s  suggested 
by t h e  c u r v e s  i n  f i g u r e  9 which show t h a t  t h e  r a d i a t i v e  f l u x  t r a n s m i t t e d  r e a r -  
ward i s  near ly   constant   through  about  80 percent  of  the  shock  layer .   Another  
cause i s  the’h igher  drag  loading  (m/CDA) of  the  b iconic  shape ,  as n o t e d  i n  
f i g u r e  11. Because of  t he   h ighe r  m/CDA t h i s   shape   ope ra t e s  a t  lower a l t i -  
tude,  thus higher  a i r  d e n s i t i e s ,  and r a d i a t i v e  h e a t i n g  i s  increased accord-  
ing ly .  The r e s u l t s  i n  f i g u r e  1 3  s u g g e s t  t h a t  t h e  n o s e  r a d i u s  s e l e c t e d  f o r  t h e  
biconic shape i s  too  la rge ,  a l though the  rad ius  cannot  be  reduced  indef in i te ly  
because the reduct ion would cause a l a rge  inc rease  in  convec t ive  hea t ing .  
Ce r t a in ly  the  r e su l t s  conf i rm tha t  ca re fu l  a t t en t ion  must be  g iven  to  the  
design of t he  en t ry  veh ic l e s  ope ra t ing  
speeds  approaching  18  km/sec. 
w 
I NOTE: ABSORPTION BY ABLATION GASES NEGLECTED 
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Figure 12.- Peak  radiative  heating  rate; 
average  location. 
in the environments imposed  by e n t r y  a t  
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Figure 13.- Peak  radiative  heating  rate; 
stagnation  point. 
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Thermal Protection 
c o n s i d e r e d   i n  figure 12. The l e f t  two b a r s  show t h e  effect  o f   d i f f e r e n c e s   i n  
material; 4 3 ~  44 i n  b o t h  cases t h e   r e s u l t s  are f o r  a b l u n t  body e n t e r i n g  a t  
11 km/sec ( i . e . ,  t he  Apo l lo  case ) .  Fo r  the  l e f t  b a r  t h e  material is epoxy 
novolak i n  a g l a s s  honeycomb, t h e  material used  in  the  Apo l lo  hea t  ~ h i e l d . ~ ~ ~ ~ ~  
For the  second  ba r ,  t he  material is a high-densi ty  phenol ic  nylon (1.2 gm/cm3), 
t h e  material most o f t en  cons ide red  fo r  u se  a t  very high entry speeds.  For  
epoxy novolak, the most important mechanism i s  su r face  r e rad ia t ion ;  b lockage  
is also  very  important .   Phenol ic   nylon  produces  considerably more p y r o l y s i s  
gas than does epoxy novolak; consequently, blockage plays a much more impor- 
t a n t ,  i n  fact  t h e  d o m i n a n t ,  r o l e  f o r  t h i s  material, as is  apparent from the 
second bar.  Because of the greater product ion  of  gases ,  bo th  the  pyro lys i s  
gas  enthalpy and the decomposi t ion contr ibut ions are a l s o  g r e a t e r  f o r  p h e n o l i c  
nylon . 
For t h i s  material and the  b lunt  body,  there  is a l s o  a marked  change 
be tween the  resu l t s  for  VE = 11 km/sec  and f o r  15 km/sec, as can be seen by 
comparison  of the second and t h i r d  b a r s .  Because  of  the  h igher  hea t ing  ra tes  
and the heat ing being predominant ly  radiat ive,  several  changes occur .  First , 
t h e  r e l a t i v e  c o n t r i b u t i o n  o f  b l o c k a g e  i s  less, i n  l a r g e  p a r t  b e c a u s e  o f  t h e  
change i n  t h e  h e a t i n g  mechanism. A s  a r e su l t ,   t he   su r f ace   t empera tu re  
inc reases   and   t hus   su r f ace   r e rad ia t ion  i s  g r e a t e r .  The sur face   t empera tures  
are i n c r e a s e d  t o  t h e  p o i n t  t h a t  t h e  s u r f a c e  s u b l i m e s ;  t h u s  t h i s  mechanism 
comes i n t o  p l a y .  I n  a d d i t i o n ,  t h e  p y r o l y s i s  g a s e s  a r e  h e a t e d  t o  t h e  h i g h e r  
sur face  tempera ture  and thus absorb a l a rge r  pe rcen tage  o f  t he  hea t .  
The las t  b a r  on t h e  r i g h t ,  i n  comparison with the third bar ,  shows t h e  
effects of   vehicle   configurat ion.   This   comparison shows t h e  marked d i f f e r -  
e n c e s  i n  h e a t  r e j e c t i o n  mechanisms f o r  t h e  b l u n t  and  conical  shapes.  The 
b a s i c  r e a s o n  f o r  t h i s  d i f f e r e n c e  was n o t e d  e a r l i e r ;  t h e  u s e  o f  a con ica l  fo re -  
body s u p p r e s s e s  t h e  r a d i a t i v e  h e a t i n g  at hyperbol ic  speeds  to  about  the  leve ls  
assoc ia ted  wi th  a b l u n t  body e n t e r i n g  a t  11 km/sec ( i . e .  , Apollo) . A s  a 
r e s u l t ,  t h e  r e j e c t i o n  mechanisms f o r  a conica l  body a t  VE = 15  km/sec are 
very similar i n  t h e i r  r e l a t i v e  i m p o r t a n c e  t o  t h o s e  f o r  a b lun t  body a t  
VE = 11 km/sec. I n  fac t ,  t h i s  comparison  between  the  second  and  fourth  bars 
i s  one of  the most  interest ing and perhaps the most s i g n i f i c a n t  o f  t h o s e  t h a t  
can  be made i n  f i g u r e  1 5 .  I t  l e a d s  t o  one  of the  pr imary  conclusions  that   can 
be  drawn  from th i s  s tudy  o f  t he rma l -p ro tec t ion  mechanisms: t h a t  t h e  u s e  o f  a 
conical forebody on veh ic l e s  en te r ing  a t  hype rbo l i c  speeds  can  r e su l t  i n  
response by the  the rma l  p ro tec t ion  tha t  is  similar t o  c u r r e n t  e x p e r i e n c e .  The 
hea t ing  rates and  loads  a re  s ign i f i can t ly  greater as n o t e d  e a r l i e r ,  b u t  t h e  
des igne r  can  use  conf igu ra t ion  se l ec t ion  to  con t ro l  r e sponse  o f  t he  
thermal-protect ion system. 
Vehicle Weights 
With some def in i t ion  of  the  hea t ing  envi ronment  and  of  the  charac te r i s -  
t i c s  o f  t he rma l -p ro tec t ion  sys t ems ,  e s t ima tes  can be made of  the  weight  of  the  
thermal -pro tec t ion  3 7 ~  38 and i n   t u r n   o f  t h e   w e i g h t   o f  h e   n t r y   v e h i -  
c le  i t s e l f  . q 9  l 4  The first o f  t hese  estimates is  shown i n  f i g u r e  1 6 ,  where 
hea t -sh ie ld  weights  are shown as a func t ion  of  en t ry  speed .  Resul t s  are shown 
f o r  b o t h  t h e  b l u n t  and t h e  b i c o n i c  c o n f i g u r a t i o n s  d e s c r i b e d  i n  f i g u r e  11. 
12 
. . . . "_ .. . . " _. . . - .. . ... . . . 
2ooo - WT = 7300 kg 
Vol = 22.8 rn3 
0 ’  I I I I I I I 
II 12 13 14 15 16 17 18 
ENTRY SPEED, km/sec 
Figure 16.- Heat-shield  weights;  phenolic  nylon. 
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Figure  17.-  Earth e n t r y  vehicle  weights; 
eight-man  crew. 
In  a l l  cases, t h e  h e a t - s h i e l d  material 
i s  p h e n o l i c  n y l o n ;  t h e  l i f t - d r a g  r a t i o  
i s  0.5; and the weight and volume cor-  
r e spond  to  abou t  t hose  fo r  an  8-man 
veh ic l e .  379 38 These  r e su l t s  reflect 
the  t r ends  sugges t ed  in  the  p rev ious  
d iscuss ion;  the  weight  of  the  b lunt  
body increases  wi th  increas ing  speed  
more r a p i d l y  t h a n  t h a t  o f  t h e  c o n i c a l  
body.  This  trend is  a d i r e c t  ramifica- 
t i o n  o f  t h e  marked i n c r e a s e  i n  r a d i a -  
t i ve  hea t ing  and  o f  i t s  effect on t h e  
response  of  the  thermal -pro tec t ion  
sys  tem. 
The cor responding  to ta l  weights  
o f  t h e  e n t r y  v e h i c l e  ( f i g .  17) were 
e s t i m a t e d  f r o m  t h e  r e s u l t s  i n  f i g -  
u re  16 and from t h e  r e s u l t s  o f  e a r l i e r  
work.14? 379 38 The t r ends  shown are a 
d i r e c t  r e f l e c t i o n  o f  t h o s e  i n  f i g -  
ure   16 .   As ide   f rom  the   e f fec ts  on 
thermal  pro tec t ion ,  increased  en t ry  
speed in  the range from 11 t o  
18 km/sec should have no major  effect  
on vehicle  systems as d iscussed  
ear l ie r .  Accord ing ly ,   i n   t he   p re sen t  
a n a l y s i s ,  a l l  other  system weights  
were assumed to  be  independen t  o f  
entry speed.  
Severa l  genera l  observa t ions  should  be  made a b o u t  t h e  r e s u l t s  shown i n  
f i g u r e s  16 and  17. F i r s t ,  in   the   speed   range  from 15 t o  18  km/sec t h e  h e a t  
s h i e l d  i s  es t imated  to  represent  be tween about  10 and 20 pe rcen t  o f  t he  en t ry  
vehic le  weight .  S ince  the  Ear th  en t ry  vehic le  i t se l f  may represent  on ly  a 
small pa r t  o f  t he  we igh t  o f  a comple t e  spacec ra f t  t ha t  depa r t s  Ea r th  fo r  a 
manned planetary mission,  the heat-shield weight  may not seem s i g n i f i c a n t .  A 
few numbers will tend  to  nega te  such  a conclusion,  however. For  example, t h e  
r e s u l t s  i n  f i g u r e  16 show t h a t  t h e  h e a t  s h i e l d  weighs  about  1000  kg.  This 
weight  must  be carr ied throughout  the mission.  Mission and t ra jectory 
s t u d i e s 2 3  show that  each ki logram carr ied throughout  a manned p lane tary  mis- 
sion can represent between 300 and  1000  kg on the launch pad. On t h e  b a s i s  o f  
these  numbers ,  the  hea t  sh ie ld  may r ep resen t  some 1000 metr ic  tons of  launch 
vehicle ,   and  such  weight ,   of   course,  is no t  neg l ig ib l e .  For much t h e  same 
reason  the  d i f f e rences  in  we igh t  due  to  conf igu ra t ion  shown i n  f i g u r e  17  which 
a t  f irst  may seem inconsequent ia l  are a l so  impor tan t .  These  d i f fe rences  vary  
from 200 t o  600 kg and thus may r ep resen t  200 t o  600 met r ic  tons  of  launch  
v e h i c l e .  
There i s  one other  comment r e l a t e d  t o  t h e  r e s u l t s  i n  f i g u r e s  16 and 17 
t h a t  i s  more impor t an t  t han  e i the r  o f  t hese .  A l l  o f  t h e  r e s u l t s  shown are 
based  so le ly  on t h e o r e t i c a l  a n a l y s i s .  T h e r e  are e s sen t i a l ly  no  expe r imen ta l  
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r e s u l t s  w i t h  which to  conf i rm these  estimates. The  absenc.e  of  such  data i s  
especial ly  important  because of t h e  w i d e  v a r i a t i o n s  p o s s i b l e  i n  t h e  b e h a v i o r  
of t h e  g a s  i n  t h e  h o t  s h o c k  l a y e r  a n d  i n  t h e  r e s p o n s e  o f  t h e  h e a t  s h i e l d  t o  
t h e  p r e d i c t e d  l a r g e  h e a t  f l u x .  The fo rego ing  d i scuss ions  dea l ing  wi th  these  
problems have served t o  o u t l i n e  how complex t h e  phenomena are. Ob ta in ing  the  
r equ i r ed  da ta  and the  necessary  exper ience  wi th  the  h igh- tempera ture  gas  f lows  
and w i t h  s u i t a b l e  a b l a t i v e  materials must be a p r ime  ob jec t ive  in  deve lop ing  
the  t echno logy  fo r  manned p lane tary  miss ions .  
Uncertainty Analyses 
The foregoing  d iscuss ion  has  served  to  emphas ize  the  bas ic  uncer ta in ty  
associated with any weight  estimate f o r  t h e  E a r t h  e n t r y  s p e e d s  o f  i n t e r e s t  f o r  
manned p lane tary  miss ions .  In  view of  t h e  s i t u a t i o n  it i s  d e s i r a b l e  t o  exam- 
i n e  q u a n t i t a t i v e l y  t h e  a c c u r a c y  o f  t h e  e s t i m a t e s ,  p a r t i c u l a r l y  t h o s e  o f  t h e  
hea t -sh ie ld  weight .  The weight  uncer ta in t ies  have  been  ana lyzed  in  la rge  par t  
by t h e  Lockheed Missiles and Space Company u n d e r  c o n t r a c t  t o  t h e  NASA  mes 
Research Center.47 Some o f  t h e  p r e l i m i n a r y  r e s u l t s  o f  t h i s  work have  been 
g i v e n  i n  p a  ers by  Coleman, Lefferdo, Hearne, and V o j ~ o d i c h ~ ~  and  by 
Vojvodich. 3t The u n c e r t a i n t i e s  c o n s i d e r e d  i n  t h i s  work are summarized i n  f i g -  
ure  18.  The f irst  pe r tu rba t ion   cons ide red  was i n   t h e   r a d i a t i v e   f l u x .  The 
nominal i n t e n s i t i e s  u s e d  i n  t h e  a n a l y s i s  were those  publ i shed  by Wilson and 
N i ~ o l e t . ~ ~   I t  is  d i f f i c u l t  t o  d e s c r i b e  b r i e f l y  t h e  c h a n g e s  c o n s i d e r e d  i n  t h e  
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Figure 18.- Some uncertainties studied. 
r a d i a t i v e  h e a t i n g ;  however, 
i t  i s  approximately correct  
t o  s a y  t h a t  t h e  i n c r e a s e  i n  
t h e  f l u x  from t h e  nominal t o  
the  pe r tu rbed  case  r ep re -  
s en ted  an approximate doub- 
l i n g  o f  t h e  s p e c i f i c  i n t e n s i -  
t i e s  s u c h  as those  shown i n  
f i g u r e  7 ( s e e   r e f .  47) . Cer- 
t a i n  o t h e r  minor additions 
were a l s o  made; o v e r a l l ,  how- 
e v e r ,  t h e  i n c r e a s e  i n  i n t e n -  
si t ies represented an 
approximate  doubling.  This 
change is  a reasonable approx- 
ima t ion  o f  t he  unce r t a in t i e s  
c u r r e n t l y  e x i s t i n g  i n  t h e  
r a d i a t i o n  i n t e n s i t i e s .  
The second uncer ta in ty  cons idered  w a s  t h e  Reynolds number f o r  boundary- 
l a y e r  t r a n s i t i o n  from  laminar t o  turbulent  f low.  48 S i n c e  t r a n s i t i o n  Reynolds 
numbers d i f f e r  w i d e l y  f o r  b lun t  and fo r  con ica l  bod ie s ,  d i f f e ren t  va lues  were 
s e l e c t e d  f o r  t h e  two shapes.  The nominal  values shown do no t  r ep resen t  op t i -  
m i s m  bu t  have  been  ob ta inab le  in  the  pas t .  The per turbed  va lues  a re  about  a 
f a c t o r  o f  2 . 5  lower which i s  t y p i c a l  o f  t h e  u s u a l  u n c e r t a i n t i e s  i n  t r a n s i t i o n  
Reynolds   numbers .   Actual ly ,   the   per turbed  values   were  selected  af ter  some 
t r i a l  and  error .   In  f irst  a t t e m p t s  t o  s t u d y  t r a n s i t i o n  e f f e c t s ,  Reynolds 
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numbers  were based on displacement   thickness .  I t  was found,  however,   that   the 
boundary layers on veh ic l e s  moving a t  hyperbol ic  speed  were ,  in  e f fec t ,  h ighly  
cooled.  Displacement  thicknesses were reduced  accordingly as were t h e  
Reynolds  numbers based on displacement  thickness.   For any reasonable  range of  
t r a n s i t i o n  Reynolds  numbers sugges ted  by  ex is t ing  da ta ,  the  f low was p red ic t ed  
to  be  laminar  dur ing  near ly  a l l  of  the  per iod  of  en t ry  hea t ing  and  no  uncer -  
t a i n t y  effects could  be  s tudied .  
The next  uncer ta in ty  dea ls  wi th  the  e f fec t iveness  of  ab la t ion  gases  in  
r e d u c i n g  n e t  h e a t  t r a n s f e r  t o  t h e  body s u r f a c e .  I t  i s  o f t en  cons ide red  tha t  
t h e  n e t  h e a t  t r a n s f e r  c a n  b e  r e d u c e d  t o  z e r o  by s u f f i c i e n t l y  l a r g e  a b l a t i o n  o r  
blowing  ra tes .   There i s  some evidence  for  coupled  systems l ike a b l a t i n g  s u r -  
f aces ,  however, t ha t  t he  ne t  hea t  t r ans fe r  approaches  some asymptotic,  nonzero 
va lue .49  In  the  uncer ta in ty  s tudy  it  was assumed f o r  t h e  p e r t u r b e d  c a s e  t h a t  
t he  a sympto t i c  va lue  o f  t he  convec t ive  hea t  t r ans fe r  fo r  ve ry  l a rge  b lowing  
r a t e s  was 30 percent  of  the  hea t  t ransfer  in  the  absence  of  b lowing .  
Another  uncertainty is  the  su r face  emis s iv i ty  wh ich ,  o f  cour se ,  d i r ec t ly  
determines the amount o f  h e a t  r e r a d i a t e d  by t h e  h e a t - s h i e l d  c h a r . 4 2  The nomi- 
na l  va lue  was taken as 0 . 6  and the  per turbed  va lue  was taken as 0 . 9 .  This 
unce r t a in ty  i s  the only one f o r  which the  pe r tu rbed  va lue  r ep resen t s  improved 
rather  than degraded performance for  the thermal-protect ion system. 
Another  uncertainty i s  the combinat ion of  pressure and temperature  a t  
which the  hea t - sh i e ld  cha r  w i l l  subl ime.50 A s  no ted  ea r l i e r ,  cha r  sub l ima t ion  
can be encountered i f  the  h igh  hea t ing  rates d r ive  the  su r face  t empera tu res  to  
s u f f i c i e n t l y  h i g h  v a l u e s .  A comple te  descr ip t ion  of  th i s  phenomenon r equ i r e s  
de f in i t i on  o f  t he  r e l a t ion  be tween  p res su re  and temperature  a long which t h e  
phase change takes  place;  for  s implici ty ,  however ,  f igure 18 gives  only the 
temperature   corresponding  to   subl imat ion a t  a pressure   o f  1 atmosphere.  This 
pressure  i s  representa t ive  of  the  s tagnat ion  pressure  a t  peak  heating. The 
nominal case represented by a temperature of 3750" K i s  t y p i c a l  o f  g r a p h i t e  
sub l ima t ion   cha rac t e r i s t i c s .  The per turbed   va lue  i s  380" lower  which i s  rep- 
r e sen ta t ive  o f  t he  unce r t a in ty  in  the  sub l ima t ion  cond i t ions  fo r  g raph i t i c  
m a t e r i a l s .  
The f ina l  unce r t a in ty  cons ide red  r e l a t e s  t o  the  compos i t ion  o f  t he  py ro l -  
ys i s  gases  as  they  percola te  th rough the  hea t -sh ie ld  char .  A s  the  .gases  pass  
through the char,  they are heat 'ed in  accordance with the temperature  gradient  
through  the  char.   For  the  nominal  calculations,  i t  was assumed t h a t  t h e  g a s  
had i t s  thermochemical equilibrium composition a t  each temperature and pres- 
sure.   This  assumption  gave  the  gas i t s  maximum e n t h a l  y and thus  i t s  maximum 
c a p a b i l i t y  t o  a b s o r b  h e a t .  Some exper imenta l   ev idencePg  sugges ts   tha t   the  
py ro lys i s  gases  a re  no t  i n  comple t e  equ i l ib r ium and  fo r  t he  pe r tu rbed  case  
they were assumed f rozen  a t  the composi t ion corresponding to  the degradat ion 
t empera tu re  o f  t he  v i rg in  ma te r i a l .  Fo r  pheno l i c  ny lon ,  t h i s  t empera tu re  has  
been  de te rmined  in  the rmograv ime t r i c  t e s t s  t o  be  abou t  925' K .  
The foregoing  d iscuss ion  is  ex tens ive  but  i t  demonst ra tes  the  log ic  used  
t o  select  t h e  u n c e r t a i n t i e s  s t u d i e d  and t o  choose both the nominal and per- 
turbed condi t ions.  These propert ies  must  be chosen careful ly  i f  the  pe r tu rba -  
t i on  ana lyses  are t o  produce val id  conclusions.  
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Figure 19.- Results of uncertainty  analyses; 
VE = 15 km/sec. 
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Resul t s  of t h e  u n c e r t a i n t y  
ana lyses  are summarized i n  f i g -  
ure 19. Effects on h e a t - s h i e l d  
weight are shown fo r  bo th  b lun t  and  
con ica l  conf igu ra t ions .  38 The 
en t ry   speed  is  15  km/sec.  Weights 
are n o r m a l i z e d  t o  t h o s e  f o r  t h e  
nominal  conditions as shown a t  t h e  
top  and  resu l t s  for  each  per turba-  
t i o n  are shown below.  There  are 
two key p o i n t s  t o  b e  drawn from 
t h e s e  r e s u l t s .  Firs t  , hea t - sh ie ld  
we igh t s  fo r  t he  b lun t  body are more 
s e n s i t i v e  t o  t h e  u n c e r t a i n t i e s  i n  
a l l  but   one  case.  The r e a s o n   f o r  
t h i s  s e n s i t i v i t y  i s  r e l a t i v e l y  sim- 
p l e .  A s  noted ear l ie r ,  t h e   g r e a t e r  
r ad ia t ive  hea t ing  d r ives  the  su r face  t empera tu re  on t h e  b l u n t  b o d i e s  t o  l e v e l s  
t ha t  r e su l t  i n  cha r  sub l ima t ion  and  th i s  sub l ima t ion  occur s  ove r  l a rge  areas. 
Any p e r t u r b a t i o n  t h a t  a f f e c t s  t h e  h e a t  s h i e l d ' s  a b i l i t y  t o  a b s o r b  h e a t  c h a n g e s  
t h i s  s u b l i m a t i o n  r a t e  and  thus  the  char  e ros ion  ra te .  Char  erosion i s  a ke 
heat-shield consumption process as d iscussed  by Lundell, Dickey, and Jones. x1 
The one exception i s  tha t  sh i e ld  we igh t s  fo r  t he  con ica l  conf igu ra t ion  are 
more s e n s i t i v e  t o  b o u n d a r y - l a y e r  t r a n s i t i o n .  The s e n s i t i v i t y  r e s u l t s  s i m p l y  
because  hea t ing  of  the  conica l  shape  is predominant ly  convect ive while  that  of  
t h e  b l u n t  body is  predominant ly  rad ia t ive .  
While t h e  u n c e r t a i n t i e s  do not  appear  to  have  a l a r g e  e f f e c t  on h e a t -  
sh i e ld  we igh t s ,  i t  should  be  recognized  tha t  some o f  t he  e f f ec t s  cou ld  be  add i -  
t i v e .  An unce r t a in ty  o f  50 pe rcen t ,  which  can r e s u l t  from t h e  more important 
o f  t h e  s i n g l e  u n c e r t a i n t i e s  o r  from a combina t ion  o f  e f f ec t s ,  wou ld  a l t e r  t he  
heat-shield  weight   by  about  400 kg. A s  d i scussed  ea r l i e r ,  t h i s  we igh t  can  
cor respond to  400 metric tons of  launch vehicle .  
The uncer ta in ty  ana lyses  have  dea l t  on ly  wi th  the  forward  fac ing  hea t  
s h i e l d  and va r i a t ions  in  the  pe r fo rmance  of t h e  a f t e r b o d y  s h i e l d  were not  con- 
s ide red .  The l a t t e r  s h i e l d  was assumed t o  b e  made of  low-densi ty  phenol ic  
nylon  (0.5 gm/cm3).  Advanced m a t e r i a l s  f o r  t h e  a f t e r b o d y ,  o r  f o r  t h a t  m a t t e r ,  
for  the  forward  face  could  produce  s igni f icant  weight  sav ings ;  s ince  each  
100 kg of  sh ie ld  weight  can  represent  up t o  100 met r ic  tons  of  launch  vehic le ,  
t h e  r e t u r n  from  such  savings is qu i t e  impor t an t .  
While the  foregoing  uncer ta in ty  ana lyses  a re  of  cons iderable  va lue ,  they  
are  a lso handicapped by t h e  lack o f  expe r imen ta l  r e su l t s  t ha t  was d iscussed  
e a r l i e r .  For  example,  the  magnitudes of  t h e  b a s i c  u n c e r t a i n t i e s  u s e d  i n  t h e  
analyses  are themselves unknown and t h e  r e s u l t s  are d i rec t ly  dependent  on 
t h e s e  i n p u t s .  I t  is  a l so   poss ib l e   t ha t   t he   hea t - sh i e ld   ana lys i s   has   ove r -  
looked some important phenomena. For  example,   throughout  the  uncertainty  anal-  
yses i t  was assumed tha t  the  thermal  pro tec t ion  sys tem would respond t o  t h e  
heat ing environment  in  an order ly  fashion ( that  i s ,  t h e  s u r f a c e  would be  
removed by chemical  act ion)  and that  just  some o f  t h e  d e t a i l  c h a r a c t e r i s t i c s  
were uncer ta in .  There  i s  another  phenomenon which could be considered an 
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unce r t a in ty  tha t  cou ld  result  in  the  hea t - sh i e ld  behav io r  be ing  any th ing  bu t  
o rde r ly .  If thermomechanical  erosion o r  spa l la t ion  should  occur  (and  a t  t h e  
hea t ing  rates d iscussed  ear l ie r ,  it i s  a real p o s s i b i l i t y ) ,  t h e  h e a t - s h i e l d  
performance  would  be so degraded  tha t  ca t a s t roph ic  f a i lu re  cou ld  occur .2  In  
th i s  connec t ion  a l l  of  the  foregoing  ana lyses  of heat-shield performance and 
weight were based on the use of phenol ic  nylon.  A t  t h e  p r e s e n t  time it is n o t  
known i f  phenol ic  ny lon  can  wi ths tand  the  rad ia t ive  hea t  f lux  near  5 kW/cm2 
without  spal l ing.  Problems such .as t h i s  emphasize the  need  fo r  expe r imen ta l  
r e s u l t s .  
Faci l i t ies  
The resu l t s  of  the  uncer ta in ty  ana lyses  conf i rm the  need  for  addi t iona l  
r e sea rch  r e l a t ed  to  the  hea t ing  env i ronmen t  and  to  the rma l -p ro tec t ion  sys t ems  
fo r  hype rbo l i c  speeds .  I t  i s  a l so  appa ren t  t ha t  knowledge of many o f  t h e  key 
phenomena i s  imperfect  and thus  experimental  work i s  e s s e n t i a l .  For t h i s  r e a -  
s o n ,  t h e  a d e q u a c y  o f  e x i s t i n g  f a c i l i t i e s  t o  u s e  i n  t h i s  r e s e a r c h  is important .  
Some of  the  impor tan t  condi t ions  tha t  should  be  provided  by t h e  t es t  
f a c i l i t i e s   i n c l u d e   v e l o c i t y ,   d e n s i t y ,   e n t h a l p y ,  and  flow  energy. The last  
parameter i s  impor t an t  t o  the  s tudy  of the  nonadiaba t ic  o r  energy deplet ion 
phenomenon shown to   have   such   impor tan t   e f fec ts  on r a d i a t i v e  h e a t i n g .  S c a l e  
is  a l so  impor tan t  bo th  to  the  energy  deple t ion  phenomena and t o  t h e  s t u d y  o f  
materials and   sys tems  for   thermal   p ro tec t ion .  For example,   the  nonequilibrium 
e f f e c t s  on the  py ro lys i s  gases  d i scussed  in  the  p rev ious  sec t ion  are impor- 
tant ly   dependent  on t h e  time it  t akes  these  gases  to  t r ave r se  the  cha r .  Th i s  
time i s ,  in  turn ,  dependent  on the  th i ckness  o r  scale of  the  char .  For  much 
t h e  same reasons,  t e s t  equipment  capable  of  essent ia l ly  s teady-s ta te  opera t ion  
is  d e s i r a b l e .   I n   a d d i t i o n ,   s c a l e ,   d e n s i t y ,  and v e l o c i t y  are a l l  i m p o r t a n t   t o  
the  s tudy  of  convec t ive  hea t ing  wi th  turbulen t  f low.  
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The d e s i r e d  a n d  a v a i l a b l e  t e s t  
c h a r a c t e r i s t i c s  i n  t e r m s  o f  d e n s i t y  
a l t i t u d e  and  ve loc i ty  a re  shown i n  
f i g u r e  20 .  A t y p i c a l   e n t r y   t r a j e c -  
t o ry  in  these  coord ina te s  appea r s  as 
a l i ne  o f  e s sen t i a l ly  cons t an t  ve loc -  
i t y  s t a r t i n g  a t  ve ry  h igh  a l t i t udes  
and  ex tend ing  in to  the  shaded  f l i gh t  
c o r r i d o r .  The curve   then   s tays  
wi th in  th i s  shaded  co r r ido r  as t h e  
v e h i c l e   d e c e l e r a t e s .  The approxi- 
mate ranges of t e s t  cond i t ions  ava i l -  
a b l e  f o r  v a r i o u s  types o f  t es t  
equipment   are   a lso  indicated.   Equip-  
ment considered includes s t i l l - a i r  
ranges  with  gun-launched  models ,51J 5 2  
c o u n t e r f l o w  f a c i l i t i e s  which use the 
Figure 20.- Typical  flight  regime; same launchers  but  f i r e  t h e  models 
500 i m/CDA s 1500 kg/m2, G,,, = 10 g, i n  o p p o s i t i o n  t o  h i g h - s p e e d  a i r  
0 s L / D  5 0.5.  streams,51y52 shock  tunnel^,^^-^^ 
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hotshot  tunnels ,56  s tandard  arc tunnels ,57758 and  cons t r ic ted  arc 
tunnels  .59-63 Since  the  new range  o f  i n t e re s t  co r re sponds  to  speeds  be tween  
about 11 and 18 km/sec,  only the counterf low and the constr ic ted arc tunnels  
p rov ide  the  des i r ed  cond i t ions .  The counterflow fac i l i t i es  have  the  advantage 
o f  p rov id ing  the  des i r ed  dens i t i e s ,  bu t  t hey  have  well-known problems a s soc i -  
a ted with model instrumentation  and  launch stresses. The c o n s t r i c t e d  arcs do 
not have these problems and provide high tes t  speeds but have low stream 
d e n s i t i e s .  
A corresponding comparison of 
d e s i r e d  and a v a i l a b l e  tes t  condi t ions  
in terms of flow energy and enthalpy 
i s  shown i n  f i g u r e  21 .  A s  n o t e d   i n  
ea r l i e r  d i scuss ions ,  t he  f low ene rgy  
i s  the  s t r eam p rope r ty  pa r t i cu la r ly  
i m p o r t a n t  t o  t h e  n o n a d i a b a t i c  e f f e c t s  
on r a d i a t i v e   h e a t i n g .   I n   t h i s   c a s e  
t h e  r e g i o n  o f  i n t e r e s t  is  above t h e  
heavy  curve. The range  of  speeds  from 
11 t o  1 8  km/sec corresponds t o  v a l u e s  
of the enthalpy parameter between 
about 700 and  2000. The counterflow 
f a c i l i t i e s  provide the flow energy 
Figure 21.- Typical facility requirements for desired but  they have the problems 
0 4 8 12 16 20 24 28x10' 
ENTHALPY, h/RTo (To= 288O K )  
flow  energy. noted ear l ie r .  I n   a d d i t i o n ,   h e  gun- 
launched models are n e c e s s a r i l y  q u i t e  
small and s c a l e  i s  a l so  impor tan t  to  the  rad ia t ion  decay  problem.  For example, 
the small models   produce  re la t ively  thin  shock  layers .  The t ime  r equ i r ed  fo r  
t h e  a i r  t o  t r a v e r s e  t h e  shock layer is thus  much less t h a n  t h a t  f o r  a f u l l -  
scale l aye r .  The  flow time is  important  because i t  is  the  per iod  dur ing  which 
t h e  a i r  loses   energy.  With t h e  small models ,   therefore ,  a much smaller p a r t  
of  the  f low  energy i s  l o s t  by r a d i a t i o n .  The e x i s t i n g  c o n s t r i c t e d  a r c s  do n o t  
provide  the  f low  energy  desired.  One r e a s o n  f o r  t h e  c o n s t r i c t e d  arcs be ing  
somewhat low i s  that   h igher   f low  energies   require   higher   power.  A s  an  example, 
t h e  f l i g h t  cases cons ide red  ea r l i e r  i nd ica t ed  shock- l aye r  t h i cknesses  o f  abou t  
10 cm. With an  appropriately  designed  tunnel   nozzle ,  it i s  p o s s i b l e  t h a t  
these  th icknesses  could  be  achieved  wi th  a model of  about  th i s  same dimension, 
10 cm i n  d i a m e t e r .  The s t ream should be about  2 t o  2-1 /2  times t h i s  d i a m e t e r  
and thus  i t s  a r e a  would be  about 500 cm2. The c o n s t r i c t e d  arcs are   about  
50 p e r c e n t  e f f i c i e n t  i n  i m p a r t i n g  t h e  e l e c t r i c a l  e n e r g y  i n  t h e  s t r e a m .  A l l  of 
t h e s e  numbers r e s u l t  i n  t h e  g u i d e l i n e  t h a t  t h e  o r d i n a t e  s c a l e s  i n  f i g u r e  2 1  
g i v e  t h e  f a c i l i t y  power requirements  in  megawatts .  The r equ i r ed  power i s  thus  
about 60 t o  70 MW and t h e  f a c i l i t y  is  thus  a major one by a l l  d e f i n i t i o n s ;  how- 
ever ,  it appears  essent ia l  to  the  deve lopment  of  the  technology.necessary  to  
permi t  en t ry  in to  the  Ear th ' s  a tmosphere  at 15 t o  1 8  km/sec. 
Summary 
A s  the  foregoing  mater ia l  sugges ts ,  the  pr imary  research  and  technology 
problems assoc ia ted  wi th  Ear th  en t ry  for  manned p lane tary  miss ions  seem t o   b e  
those produced by the  h igher  en t ry  speeds .  A t  these speeds,  which can range 
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from  15 t o  18 km/sec, r a d i a t i v e  h e a t  t r a n s f e r  e x e r t s  a major influence on con- 
f i g u r a t i o n  s e l e c t i o n  and on thermal  pro tec t ion .  The problems i n  gasdynamics, 
i n  gas  physics ,  and in  material formulat ion and character izat ion are complex 
and w i l l  r e q u i r e  c o n s i d e r a b l e  e f f o r t  i n  t h e  y e a r s  t o  come. 
The one problem no t  d i scussed  in  the  fo rego ing  material was tha t  o f  l and-  
i n g .  I t  would appear  tha t  the  landing  sys tems requi red  for  Ear th  re turn  are 
reasonable extensions of Apollo technology since the entry vehicle weights and 
sizes are only moderately greater than  those  o f  t he  Apo l lo  command module. 
There i s ,  h o w e v e r ,  c o n s i d e r a b l e  r e s e a r c h  i n  t h i s  a r e a  r e l a t e d  e s p e c i a l l y  t o  
providing a l a n d  l a n d i n g  c a p a b i l i t y  f o r  r e t u r n i n g  s p a c e c r a f t .  T h i s  e f f o r t  
c o v e r s  e v e r y t h i n g  f r o m  g l i d i n g  p a r a c h u t e s ,  t o  l i f t i n g  b o d i e s ,  t o  r o t o r s .  I n  
t h e  time be fo re  a manned p lane tary  miss ion ,  one  of  these  technologies  may 
e v o l v e  t o  t h e  p o i n t  where i t  can  be  app l i ed  to  th i s  mi s s ion .  I t  should  be  
recognized,  however ,  that  for  missions as inf requent  as manned p lane ta ry  mis- 
s ions  are l i k e l y  t o  b e ,  many of  the  a rguments  for  land  landing  lose  the i r  
s i g n i f i c a n c e .  
The landing  problem i s  much more i m p o r t a n t  f o r  t h e  t a r g e t  p l a n e t .  With 
t h i s  p o i n t  i n  mind, t h e  s u b j e c t  of e n t r y  and landing a t  t h e  t a r g e t  p l a n e t  w i l l  
now be considered.  
PLANETARY ENTRY AND LANDING 
Entry Speeds 
I t  i s  a p p r o p r i a t e  t o  open the  sub jec t  o f  p l ane ta ry  en t ry  wi th  a d iscus-  
s ion  o f  t he  en t ry  speeds  tha t  will probably be encountered. The d e f i n i t i o n  o f  
these  speeds i s  n o t  q u i t e  so d i f f i c u l t  as i t  i s  f o r  E a r t h  e n t r y .  The ranges 
of en t ry  speed  o f  i n t e re s t6  a re  shown i n  f i g u r e  22 f o r  e n t r y  d i r e c t l y  from a 
MARS VENUS 
t r a n s f e r  t r a j e c t o r y  from Earth and for 
en t ry  from a n e a r  p l a n e t  o r b i t .  
Resul ts  are shown f o r  b o t h  Mars and 16 - 
0 
I DIRECT FROM Venus.  The range shown f o r   d i r e c t  ‘i 12 - DIRECT 
x 
ORBIT e n t r y  i s  i n d i c a t i v e  of t h e   v a r i a t i o n  
n a - 1 FROM n over  a complete  cycle  of  opportuni t ies .  For e n t r y  from o r b i t ,  t h e  r a n g e  i n d i -  
e c c e n t r i c i t y .  The combined range  of 
cn ORBIT c a t e s   t h e   v a r i a t i o n  due t o   o r b i t  
& 4 -  
W ent ry   speeds   ind ica ted  i s  r e l a t i v e l y  
+ z 
0 -  modest - from  about 4 t o  10  km/sec f o r  
e n t r i e s  from o rb i t  and  from about 7 t o  
Figure 22 . -  Planetary entry speeds. 13 km/sec f o r   d i r e c t   e n t r y .  
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Atmospheres 
With the  range  of  en t ry  speeds  es tab l i shed  the  next  problem is  t o  examine 
the probable structure and composition of the atmospheres of t h e  t a r g e t  
p l a n e t s .  Many models  of the atmospheres of Mars and Venus have been published 
and some measurements of atmosphere properties have been made i n  t h e  l a s t  sev-  
eral  years  .64-73 A representa t ive  range  of  a tmospheres  for  Mars i s  shown i n  
f i g u r e  23 i n  terms o f  t h e  a l t i t u d e - d e n s i t y  p r o f i l e s .  Some models l i e  ou t s ide  
the range shown i n  f i g u r e  2 3  bu t  the  range  is  a reasonable  one for  most 
eng inee r ing   ca l cu la t ions .  6 5 ~  6 8  
100 - \ 100 - \ 
PFR In ISmbl 
Figure 23.- Mars atmosphere  models. 
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Figure 24.- Venus  atmosphere  models. 
Corresponding  information  for Venus i s  shown i n  f i g u r e  2 4 . 7 2  The minimum 
and maximum curves shown a r e  t h o s e  t h a t  e ~ i s t e d ~ ~ , ~ ~  be fo re  da t a  were obtained 
from t h e  R u s ~ i a n ~ ~ , ~ ~  and American7l missions during the 1967 opportunity. 
Combining some o f  t h e  r e s u l t s  of  t hese  two missions gives  an est imate  for  the 
Venusian  atmosphere. The e s t ima te  shown by t h e  heavy  curve i n  f i g u r e  24 i s  
based on t h e  r e s u l t s  from  Venera 4 a t  low a l t i t u d e s  a n d  t h e  u s e  o f  t h e  s c a l e  
height  from  Mariner 5 t o  e x t r a p o l a t e  t h e  d e n s i t i e s  a t  h i g h e r  a l t i t u d e s . 7 2  I t  
is  known t h a t  t h e r e  are some important  differences between the resul ts  f rom 
the  two missions73; however,  the estimate shown i n  f i g u r e  24 w i l l  s u f f i c e  f o r  
the  present  purposes  s ince  only  cor r idor  depth  and  hea t ing  w i l l  be  examined 
f o r  Venus . 
Information defining the composition of the atmospheres of these two 
p lane t s  is  not  so  ~ o m p l e t e . ~ ~ - ~ ~  I t  i s  known tha t   l a rge  amounts  of C02 are 
present   in   bo th   a tmospheres .  The Russian  result^^^-^^ i n d i c a t e  t h e  composi- 
t ion of  the Venusian atmosphere to  be,  by  volume, 90-95 percent  carbon dioxide,  
l e s s  t h a n  7 pe rcen t  n i t rogen ,  0 . 1  to  0 .7  percent  water  vapor ,  and  0 .4  to  
0.8 percent  oxygen. The est imates   for   the  Mart ian  a tmosphere  run  f rom 100 per -  
cen t  carbon d ioxide ,  to  80 percent carbon dioxide and 20 pe rcen t  n i t rogen  o r  
a r g o n  o r  t h e i r  m i x t u r e ,  t o  50 percent carbon dioxide and 50 percent  argon.  68 
Entry Corr idors  
With some es t imate  of  the  range  of  a tmosphe res  tha t  a r e  l i ke ly  to  be  
encountered, i t  i s  p o s s i b l e  t o  e s t i m a t e  t h e  c h a r a c t e r i s t i c s  o f  an e n t r y  
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veh ic l e  r equ i r ed  to  p rov ide  a reasonable  en t ry  cor r idor .  Such estimates have 
been presented by Roberts6 and h i s  r e s u l t s  are included i n  those summarized i n  
f i g u r e  25 where  r equ i r ed  en t ry  veh ic l e  l i f t -d rag  r a t io s  are shown as a func- 
t ion of  the drag loading parameter ,  m/CDA. The requirements  correspond to  an 
en t ry  cor r idor  depth  of  20  km. Resu l t s  a r e  shown f o r  e n t r y  i n t o  t h e  M a r t i a n  
atmosphere a t  10 km/sec and i n t o  t h e  Venusian atmosphere a t  1 2  km/sec which 
a re  r ep resen ta t ive  of t h e  h i g h e r  d i r e c t  e n t r y  s p e e d s  shown i n  f i g u r e  2 2 .  
MARS VENUS 
Resul t s  have  been  obta ined  for  
s e v e r a l  d i f f e r e n t  c o n d i t i o n s .  
vE = IO km/sec vE= 12 km/sec F i r s t ,  cor r idor  depths  were e s t i -  
f o r  b o t h  5 and  10 Earth  g .  The 
l i f t - d r a g  r a t i o s  r e q u i r e d  f o r  
e n t r y  i n t o  t h e  Venus atmosphere 
I .5 
I . O / y  I , ( 5  mb SURFACE PRESSURE) mated f o r  maximum acce le ra t ions  
LID .5 G7Y9,' are r e l a t i v e l y  modest f o r   e i t h e r  
G ~ ~ x ' 5 9  a c c e l e r a t i o n  and are e s s e n t i a l l y  
k h,,,=lokm independent of drag loading param- G M A X ' l O g  e t e r   ( f i g .   2 5 ) .  The l i f t - d r a g  
0 5 10x10~ o 5 10x103 r a t i o s   r e q u i r e d   f o r   e n t r y   i n t o   t h e
m/C,A,  kg/ 2 Martian  tmosphere a t  t h e  same two 
maximum acce le ra t ions  a re  somewhat 
Figure 2 5 . -  Planetary  entry  requirements; 
20-km corr idor .  
g r e a t e r  and depend s t rong ly  on 
drag  loading  parameter .   This  
dependency r e s u l t s  from the mini-  
mum a l t i t u d e s  b e i n g  below the t ropopause and t h u s  i n  a reg ion  of  the  atmo- 
sphere where t h e  v a r i a t i o n  o f  d e n s i t y  w i t h  a l t i t u d e  i s  not  exponent ia l .  The 
r e l a t i v e l y  low p u l l o u t  a l t i t u d e s  are a d i r e c t  consequence of the low s u r f a c e  
p re s su re  cons ide red  to  ex i s t  on Mars. In  view o f  t h i s  p rob lem,  r e su l t s  are 
a l s o  shown f o r  t h e  l i f t - d r a g  r a t i o s  r e q u i r e d  t o  r e s t r i c t  t h e  minimum p u l l o u t  
a l t i t u d e  t o  10 km. T h i s  a l t i t u d e  was s e l e c t e d  t o  a s s u r e  t h a t  no c o l l i s i o n s  
would occur  between the entry vehicle  and poss ib l e  h igh  su r face  f ea tu res  on 
the  p l ane t .  Fo r  l a rge r  d rag  load ing  pa rame te r s  t h i s  minimum a l t i t u d e  i s  impor- 
t a n t  s ince  cons iderable  l i f t  i s  requi red  to  achieve  capture  of  the  heavier  
vehic les  a t  an   overshoot   a l t i tude   o f  30 km. Both f o r  t h i s  r e s t r i c t i o n  and 
when t h e  maximum a c c e l e r a t i o n  i s  l i m i t e d  t o  5 g ,  t h e  l i f t - d r a g  r a t i o s  f o r  Mars 
e n t r i e s  a r e  r e l a t i v e l y  h i g h .  The s e l e c t i o n  o f  v e h i c l e  c o n f i g u r a t i o n s  s u i t a b l e  
fo r  p l ane ta ry  cap tu re  and p rov id ing  the  r equ i r ed  cha rac t e r i s t i c s  i nd ica t ed  in  
f i g u r e  25 has  no t  ye t  been  exp lo red  in  g rea t  dep th .27  I t  may p rove  to  be  an 
important  area of  research  i f  a tmosphere braking for  planetary capture  con-  
t i nues  to  be  cons ide red  fo r  t hese  mis s ions .  In  fu r the r  pu r su i t  o f  t h i s  po in t ,  
it may seem tha t  t he  va lues  of drag  loading  parameter  cons idered  in  f igure  25 
a r e  r e l a t i v e l y  l a r g e .  I t  should  be  recognized  tha t  the  magni tude  of  th i s  
.parameter  depends on veh ic l e  s i z e .  The v e h i c l e s  i n v o l v e d  i n  t h i s  maneuver are 
l i k e l y  t o  b e  v e r y  l a r g e  s i n c e  t h e y  w i l l  con ta in  Ea r th  r e tu rn  p ropu l s ion ,  mis- 
s ion modules ,  Earth-entry vehicles ,  planetary excursion vehicles ,  and other  
miscel laneous i tems.  Weight estimates in  the hundred thousand ki logram class 
a r e  t y p i c a l . l 4 >  2 7  I n  view of  the extreme s ize  of t hese  veh ic l e s  i t  i s  ques- 
t ionable  whether  or  no t  10 g i s  an  a l lowable  acce lera t ion .  A s  t h e  r e s u l t s  i n  
f i g u r e  25 show, lower ing  the  acce le ra t ion  to  5 g r e s u l t s  i n  r e l a t i v e l y  h i g h  
l i f t - d r a g  r a t i o s  f o r  Mars e n t r i e s .  Again, a l l  of t h i s  d i s c u s s i o n  s u g  e s t s  
t ha t  add i t iona l  conf igu ra t ion  r e sea rch  w i l l  b e  r e q u i r e d  i n  t h i s  a r e a .  5 7  
2 1  
II I 
Heating 
The s p e e d s  f o r  p l a n e t a r y  e n t r y  shown i n  f i g u r e  22 are somewhat lower than 
t h o s e  f o r  E a r t h  r e t u r n ,  and they are c l o s e  t o  t h e  r a n g e  f o r  which experience 
ex is t s .  For  these  reasons ,  the  pr imary  hea t ing  problems to  be  cons idered  are 
t h e  e f f e c t s  of atmosphere composition on convect ive and radiat ive heat ing.  
The e f f e c t s  on convec t ive  hea t ing  can  be  es t imated  eas i ly  f rom the  resu l t s  of 
Marvin  and  Pope74  and t h e  r e s u l t s  of such estimates are shown i n  figure 26. 
2.0 - The r a t io   be tween   t he   s t agna t ion -po in  
L a convect ive   hea t ing  ra te  i n  a p l ane ta ry  
W a tmosphere   t   t ha t   i n  a i r  i s  shown as 
a func t ion  of  the  percent  of  carbon 
d iox ide  in  the  p l ane ta ry  gas  mix tu re .  




\C02 AND N2 carbon  dioxide  and  argon  a d o f  carbon 
i t  i s  t a c i t l y  assumed,  of  course,   that  
I 1.0 
W d iox ide   and   n i t rogen .   P re sen ted   i n  
t h i s  form the  resu l t s  a re  independent  
o f  v e l o c i t y  and stream densi ty  a l though z 0 .5 
- 
I- 
Q - r I I I I I the  comparisons are made a t  t h e  same 
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loo values  o f  v e l o c i t y  and dens i ty .  As 
Figure 26.- Convective  heating  in  planetary both Mars and Venus a r e  b e l i e v e d  t o  
d i scussed  ea r l i e r ,  t he  a tmosphe res  o f  
atmospheres. conta in  somewhere  between 50 and 
100 percent   carbon  dioxide.  With t h i s  
compos i t ion ,  t he  r e su l t s  i n  f igu re  26 i n d i c a t e  t h a t  t h e  c o n v e c t i v e  h e a t i n g  
w i l l  be less than 20 p e r c e n t  g r e a t e r  t h a n  t h a t  i n  a i r .  This   d i f fe rence  i s  
r e l a t i v e l y  small compared t o  o t h e r  u n c e r t a i n t i e s  and thus no major problem i s  
i n d i c a t e d  i n  t h e  area of  convect ive heat ing.  
S i m i l a r  r e s u l t s  f o r  r a d i a t i v e  
h e a t i n g 7 5 J 7 6  a r e  shown i n  f i g u r e  27. 
Here  the  r a t io  i s  dependent on both 
dens i ty  and v e l o c i t y ,  and r e s u l t s  a r e  
shown f o r  a t y p i c a l   d e n s i t y .  Two rep- 
r e s e n t a t i v e  v e l o c i t i e s  and curves are 
presented  only  for  mixtures  of  carbon 
dioxide  and  ni t rogen.   These  resul ts  
show that  composi t ion has  a far g r e a t e r  
e f f e c t  on r ad ia t ive  hea t ing  than  on 
convec t ive   hea t ing .   Th i s   e f f ec t  i s  
I I I I 
20 40 60 80 I& p a r t i c u l a r l y   g r e a t  a t  the  lower  speed. 
C O ~ .  percent by volume In   l a rge   pa r t ,   however ,   t h i s   t r end  i s  a 
Figure 27.- Radiative  heating  in  planetary 
r e s u l t - o f -  t h e  way i n  which t h e  r e s u l t s  
atmospheres;  C02/N2  mixtures, I-cm  slab, are presented. At km/sec, the radia- 
P = 1 . 3 ~ 1 0 - ~  gm/cc. t i v e  h e a t i n g  from a i r  i s  q u i t e  s m a l l ,  
and s i n c e  i t  fo rms  the  base  fo r  t h e  
r e s u l t s  p r e s e n t e d  i n  f i g u r e  2 7 ,  t h e  r a t i o s  a r e  l a r g e .  I n  t h e  C02/N2 mixtures ,  
t h e  r a d i a t i o n  a t  low speeds is  due t o  t h e  cyanogen r a d i c a l  . 7 7  The hea t ing  
rates themselves, however, are r e l a t i v e l y  modest  and well below those for 
10 km/sec. A t  t h i s  s p e e d ,  t h e  cyanogen i s  d i s soc ia t ed  and  the  r ad ia t ion  more 
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n e a r l y  e q u a l s  t h a t  i n  a i r .  I t  i s  impor tan t   to   recognize ,   however ,   tha t   the  
c u r v e s  i n  f i g u r e  27 apply only for mixtures of carbon dioxide and nitrogen. 
If the mixture  is  carbon dioxide and argon,  then the radiat ive heat ing i s  
g r e a t e r .  Only a s i n g l e  p o i n t  i s  avai lable  for  such mixtures  and it i s  a l s o  
shown i n  f i g u r e  27. The mixture i s  60 percent  carbon dioxide and 40 percent  
argon and the velocity i s  6 km/sec. The h e a t i n g  i s  about twice t h a t  f o r  c o r -  
responding  condi t ions  in  n i t rogen  mixtures .  A t  th i s  speed ,  the  pr imary  con- 
t r i bu t ion  o f  a rgon  is t o  p roduce  h ighe r  t empera tu res  tha t  i nc rease  r ad ia t ion  
from the carbon dioxide.  This  effect  i s  tempered somewhat because the argon 
d i l u t e s  t h e  c o n c e n t r a t i o n  o f  r a d i a t i n g  g a s e s .  No q u a n t i t a t i v e  r e s u l t s  are 
ava i l ab le  fo r  t he  h ighe r  speed ,  bu t  a t  t h i s  speed  the  t empera tu res  are s u f f i -  
c i en t ly  h igh  tha t  a rgon  i t se l f  b e g i n s  t o  r a d i a t e  s t r o n g l y .  The r a d i a t i o n  i n  
C02/argon mixtures w i l l  b e  s i g n i f i c a n t l y  g r e a t e r  t h a n  t h a t  i n  C 0 2 / N 2  mixtures 
o r  . t h a t  i n  a i r .  For t hese  r easons ,  i den t i f i ca t ion  o f  a rgon  in  the  a tmosphe re  
of Mars i s  an  impor t an t  p rob lem fo r  s c i en t i f i c  i nves t iga t ion .  
Another  fac tor  which t e n d s  t o  i n c r e a s e  r a d i a t i v e  h e a t i n g  f o r  p l a n e t a r y  
capture  i s  t h e  s i z e  o f  t h e  e n t r y  v e h i c l e s .  A s  n o t e d  e a r l i e r ,  t h e s e  v e h i c l e s  
a r e  t y p i c a l l y  v e r y  l a r g e  and  can  have r e l a t i v e l y  l a r g e  n o s e  r a d i i .  The shock 
layers  a re  thus  very  th ick  and provide a l a rge  volume o f  r ad ia t ing  gas .  
Landing 
As n o t e d  i n  some o f  t h e  e a r l i e r  d i s c u s s i o n ,  t h e  low su r face  p re s su res  
b e l i e v e d  t o  e x i s t  on Mars introduce problems associated with providing entry 
c o r r i d o r s  s u f f i c i e n t l y  fa r  above t h e  mean su r face  to  avo id  co l l i s ions  wi th  
possible  high features .  Another  problem introduced by t h e  low pressures  i s  
t h a t  o f  o b t a i n i n g  s u f f i c i e n t  r e t a r d a t i o n  from the atmosphere to  permit  a s o f t  , 
l anding .78  One  way to  demonstrate  the magnitude of  this  problem i s  t o  examine 
the  equi l ibr ium te rmina l  speed  for  en t ry  vehic les .  These  speeds  can  be  eas i ly  
ca l cu la t ed  and t h e  r e s u l t s  a r e  shown i n  f i g u r e  28  as func t ions  o f  drag loading 
parameter.  The e f f e c t  o f  v e h i c l e  l i f t - d r a g  r a t i o  on the  te rmina l  speed  i s  
q u i t e  small as ind ica t ed  by  compar ison  of  the  resu l t s  for  l i f t -drag  ra t ios  of  
0 and 1. In   cons ider ing   these  
r e s u l t s ,  i t  should be recognized 
t h a t  a manned landing on a p l ane t  
10 - 
0 
0) will probably be made with an 
E excursion module similar i n  con- 
W used i n   t h e   A p o l l o  program.  For _"" - t hese  veh ic l e s ,  t he  we igh t s  w i l l  
c 
y 1.0 - c e p t  t o  t h e  l u n a r  moduie t o  b e  
W 
probably  range  in  the  tens  of  
thousands of kilograms and t h e  
e t e r s  w i l l  b e  i n  t h e  r a n g e  o f  a 
few thousand kg/m2. The r e s u l t s  
W 
t- corresponding drag loading param- 
IO 1 0 0  IO00 lo,&, i n   f i g u r e  28  i n d i c a t e   t h a t   f o r  .01 L I I 
m/C,A, kg/m2 these drag loading parameters  the 
Figure 2 8 . -  Equilibrium  terminal  speeds f o r  Mars; sonic  speed  f o r  pure carbon diox- 
te rmina l  speed  i s  supersonic ;  
5-mb  atmosphere. i d e  a t  the   es t imated   Mar t ian  
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sur face  tempera ture  of  208" K i s  shown i n  f i g u r e  28. If parachutes  are t o  b e  
u s e d  f o r  p a r t  o f  t h e  r e t a r d a t i o n ,  t h e n  t h e y  must be deployed a t  supersonic  
speeds.  The r e s u l t s  i n  f i g u r e  2 8  are j u s t  i n d i c a t i v e  of the  problem s ince  the  
parachute  would necessar i ly  be deployed well above the surface and s ince the 
en t ry  veh ic l e  may not  reach  te rmina l  speed ,  espec ia l ly  a t  the  h igher  deploy-  
ment a l t i t u d e s .  More complete  analyses  of  the parachute  problems for  Mars, 
including considerat ions such as these ,  have  been  car r ied  out  . 6 ~  78 From these  
e a r l i e r  a n a l y s e s ,  r e s u l t s  s u c h  as those  shown i n  f i g u r e  29 can be obtained.  
These r e s u l t s  a r e  b a s e d  on d e t a i l e d  t r a j e c t o r y  c a l c u l a t i o n s  a n d ,  o f  c o u r s e ,  on 
a number of  assumptions.  For  example, it was assumed t h a t  t h e  r e t a r d a t i o n  
a 
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Figure 2 9 . -  Parachute requirements f o r  Mars;  landing from o r b i t .  
system had three s tages  - a drogue parachute,  a main parachute ,  and r e t r o -  
r o c k e t s  f o r  f i n a l  touchdown. The drogue  parachute was assumed to   be  deployed 
a t  10 km from a v e h i c l e  i n  e s s e n t i a l l y  l e v e l  f l i g h t .  (An ent ry  vehic le  wi th  
r e a s o n a b l e  l i f t - d r a g  r a t i o  and  drag  loading  can  achieve  this  condition.)  The 
drogue was c o n s i d e r e d  t o  b e  s i z e d  t o  d e c e l e r a t e  t h e  v e h i c l e  t o  s o n i c  s p e e d  a t  
an a l t i t u d e  o f  3 km. A t  t h i s  p o i n t ,  main parachute  deployment was assumed  and 
th i s  pa rachu te  was s i z e d  t o  g i v e  a terminal   speed  of  100 m/sec. This  terminal 
speed was chosen on t h e  b a s i s  t h a t  t h e  w e i g h t  of t h e  o v e r a l l  r e t a r d a t i o n  s y s -  
tem reaches near ly  minimum  when t h e  t r a n s i t i o n  f rom parachute  to  re t rorocket  
i s  made a t  abou t  t h i s  speed .78  The r e s u l t s  i n  f i g u r e  29 conf i rm tha t  the  
drogue  deployment Mach numbers a re  wel l  in to  the  supersonic  reg ime;  they  are,  
i n  f a c t ,  a b o u t  a t  t he  limit of   present   technology.  While some parachutes  have 
been deployed a t  the  r equ i r ed  Mach numbers, the parachutes  were much sma l l e r  
than will be  r equ i r ed  fo r  t he  app l i ca t ion  be ing  cons ide red  he re .  The diam- 
e t e r s  r equ i r ed  fo r  bo th  the  d rogue  and main parachutes are shown a t  t h e  r i g h t  
of  f igure 29.  For  a vehicle  weighing  about  10,000  kg,  the  diameter  of  the 
drogue i s  about 35 m and the  d iameter  of  the  main parachute  i s  about 50 m .  
Manned excurs ion  vehic les  w i l l  probably weigh more than 10,000 kg.79980 
Hence,  the.  parachutes will be very large indeed and, as ju s t  no ted ,  t he  com- 
b i n a t i o n s  o f  s i z e  and deployment Mach number a r e  w e l l  beyond current expe- 
r i ence .  Some o f  t he  r equ i r ed  in fo rma t ion  cou ld  be  ob ta ined  in  the  h ighe r  
par ts  of  Earth 's  a tmosphere (about  35 km) by the techniques used in  the Plane-  
tary  Entry  Parachute  Program (PEPP) a t  NASA Langley  Research  Center.'l  This 
program is  provid ing  informat ion  for  poss ib le  unmanned missions.  I t  should 
a l s o  b e  r e c o g n i z e d  t h a t  a l t e r n a t e s  t o  p a r a c h u t e s  may prove more a t t r a c t i v e ,  
f o r  example, a limp paragl ider .  Another  landing  sys tem which has  some 
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advantages  of  s impl ic i ty  cons is t s  of  us ing  the  vehic le  i t se l f  t o  o b t a i n  atmo- 
sphe r i c  dece le ra t ion ,  e l imina t ing  pa rachu tes  a l toge the r ,  and using retrorock-  
ets t o  c a n c e l  t h e  r e s i d u a l  v e l o c i t y  a f te r  entry.   Roberts6 examined t h i s  
system and found that it reduced landing payloads about 15 percent compared t o  
a system involving two-stage parachutes and smaller rocke ts  for  impact  a t tenua-  
t i o n .  I t  w i l l  be  very  appropr ia te  in  the  fu ture  to  s tudy  such  sys tems and  
t h e i r  problems i f  e f f i c i e n t  and r e l i ab le  l and ing  sys t ems  fo r  u se  a t  Mars are 
to  be  evolved .  
Other problems associated with landing on Mars inc lude  the  need  to  know 
more about  the  environment  of  the  landing  si te.   For  example,   winds up t o  
135 km/hr have been inferred from movements of the yellow dust clouds,  and 
even  h ighe r  ve loc i t i e s  have  been  sugges t ed  in  o rde r  t o  exp la in  the  en t r a inmen t  
o f  t he  dus t  pa r t i c l e s  by the Martian atmosphere.68 The existence of such 
winds will obviously have a major  e f fec t  on the design of  the landing system. 
Another   important   considerat ion is  t h e  c h a r a c t e r  o f  t h e  s u r f a c e .  I f  the  land-  
i n g  s i t e  i s  r e l a t i v e l y  unknown, then  the  l and ing  veh ic l e  may need a c a p a b i l i t y  
for hover ing   and   t rans la t ion .   This   capabi l i ty  i s  r e l a t ive ly  expens ive  s ince  
the  fue l  necessa ry  to  hove r  and t r a n s l a t e  f o r  10 minutes w i l l  more than double 
the weight  of  the landing vehicle .  Both of  these discussions suggest  the need 
fo r  ex tens ive  unmanned explorat ion of  the Mart ian atmosphere and surface pr ior  
t o  any manned missions.  Indeed,  it can  be  argued  that   the  need i s  g r e a t e r  
t han  fo r  l una r  exp lo ra t ion  s ince  ou r  knowledge of  Mars i s  less  complete  and 
the environment is more complex than  tha t  o f  t he  Moon. 
Summary 
As the  foregoing  sec t ion  sugges ts ,  the  landing  sys tem des ign  for  Mars 
missions i s  one of  the major  problems introduced by the character is t ics  of  the 
atmospheres now b e l i e v e d  t o  e x i s t  on Mars and  Venus. No de ta i led  cons idera-  
t ion  has  been  g iven  to  landing  on t h e  s u r f a c e  o f  Venus s ince the Russian 
 result^^^^^^ i n d i c a t e  s u r f a c e  c o n d i t i o n s  t h a t  a p p e a r  t o  make a manned landing 
academic. I t  i s  d i f f i c u l t  t o  s e e  how  men and the i r  l and ing  veh ic l e  cou ld  be  
p ro tec t ed  from the high surface temperature  (533' K )  and the  h igh  sur face  
pressure  (15  to  2 2  atm) given by the  Russian  measurements. Even i f  such  pro- 
t e c t i o n  were t echn ica l ly  f eas ib l e ,  t he  h igh  su r face  p re s su re  has  ma jo r  e f f ec t s  
on the takeoff  propuls ion requirements  due t o  d r a g  l o s s e s  and t o  t h r u s t  l o s s e s  
from  high  back  pressures on the rocket  nozzle .  Simple estimates sugges t  t ha t  
t he  t akeof f  we igh t  r equ i r ed  to  r e tu rn  a two-man, 3,000-kg v e h i c l e  t o  Venusian 
o rb i t  r anges  from  about  350,000 t o  700,000 kg.  These  weights are about two t o  
four   t imes   the   cor responding   weights   for   o rb i t ing   Ear th .   Apparent ly ,   the  
Russian probe w a s  a lso lof ted by the atmosphere during i t s  descent  which sug- 
ges t s  t he  ex i s t ence  o f  s ign i f i can t  w inds  o r  atmosphere turbulence on Venus. 
'I'hese winds  would a l so  be  impor t an t  t o  the  des ign  o f  a landing  vehic le .  The 
principal problems, however,  would appear to be in the design of environmental  
con t ro l  sys t ems  fo r  u se  on the  su r face  and in  the  des ign  o f  t he  t akeof f  p ro -  
puls ion  system.  Fortunately,   however ,   these two technologica l  areas do not  
f a l l  wi th in  the  scope  of  the  present  paper .  
While the landing problem has been emphasized, there are a t  l e a s t  two 
o ther  problems assoc ia ted  wi th  p lane tary  en t ry  tha t  should  not  be  ignored .  
25 
One o f  t hese  i s  a s soc ia t ed  wi th  cap tu re .  The c o r r i d o r  d e p t h s  a v a i l a b l e  t o  a 
veh ic l e  of t y p i c a l  c h a r a c t e r i s t i c s  are r e a s o n a b l e  i n  terms of  exper ience  a t  
Earth.82 For the planetary capture maneuver,  however,  there will b e  no  ground- 
based  t racking  o r  o the r  a s s i s t ance  fo r  gu idance  and navigation during approach. 
I t  i s  b e l i e v e d  t h a t  t h i s  p r o b l e m  d e s e r v e s  f u r t h e r  a t t e n t i o n .  
Another problem that was mentioned is r e l a t e d  t o  t h e  h e a t i n g  d u r i n g  p l a n e -  
t a ry  cap tu re .  Shou ld  s ign i f i can t  amounts of  a rgon  be  present  in  the  Mar t ian  
a tmosphere ,  then  the  rad ia t ive  hea t ing  exper ienced  a t  the  cap tu re  en t ry  
speeds  of 10 o r  11 km/sec cou ld  be  inc reased  s ign i f i can t ly .  Des ign ing  a 
thermal -pro tec t ion  sys tem for  the  very  la rge  vehic les  involved  (weights  of  the  
o rde r  o f  100 ,000  kg )  and  sub jec t  t o  in t ense  r ad ia t ive  hea t ing  cou ld  p rove  to  
b e  a formidable problem. 
I t  is  a l s o  a p p a r e n t  t h a t  b e t t e r  knowledge of  the Martian atmosphere w i l l  
t e n d  t o  r e s o l v e  many of  the  problems jus t  d i scussed .  For  th i s  reason ,  in i t ia l  
exper iments  des igned  for  th i s  ob jec t ive  perhaps  a long  the  l ines  employed  by 
the  Russ i ans  fo r  Venus o r  a long  the  l ines  sugges ted  by S e i f f 8 3  f o r  Mars would 
seem to  be  appropr ia te .  Recent ly ,  Se i f f84  used  the  techniques  he  and  h is  co l -  
l e a g u e ~ ~ ~  evolved along with results obtained from the Venera 4 miss ion  to  
ex t r ac t  add i t iona l  i n fo rma t ion  on the composi t ion and s t ructure  of  the 
Venusian  atmosphere. 
CONCLUDING  REMARKS AND RECOMMENDATIONS 
I n  t h i s  p a p e r ,  some of  the research problems associated with atmosphere 
en t ry  and  landing  for  manned planetary missions have been assessed.  Two sets 
of problems were considered,  those associated with Earth return and those 
assoc ia ted  wi th  capture  and landing a t  t h e  t a r g e t  p l a n e t .  
For manned p lane tary  miss ions  the  maximum ent ry  speeds  a t  Ea r th  r e tu rn  
range  from 15 t o  1 8  km/sec. For t hese  en t ry  cond i t ions ,  t he  p r inc ipa l  p rob -  
lems a re  a s soc ia t ed  wi th .  en t ry  hea t ing  and with providing thermal protection 
from the  heating  environment.   This  environment i s  cha rac t e r i zed  by convect ive 
hea t ing  r a t e s  abou t  t h ree  t imes  g rea t e r  t han  those  fo r  Apo l lo  en t ry  cond i -  
t i o n s ,  and f o r  b l u n t  e n t r y  v e h i c l e s ,  i t  i s  a l s o  c h a r a c t e r i z e d  by r a d i a t i v e  
h e a t i n g  r a t e s  more than an order  of  magni tude greater .  For  blunt  bodies ,  the 
r a d i a t i v e  r a t e s  r a n g e  from 5 t o  10 kW/cm2. While t h e s e  rates are   impress ive ,  
they are about  an order  of  magni tude less  than those potent ia l ly  avai lable  
from the  energy  conta ined  in  the  inc ident  f low.  The r educ t ion  e s t ima ted  in  
t h e  r a d i a t i v e  rates r e s u l t s  f rom  nonadiabat ic   cool ing  in   the  hot   gas   cap.  The 
nonadiaba t ic  processes  a re  thus  a new phenomenon t h a t  must be considered i n  
hea t ing  ana lyses  fo r  hype rbo l i c  en t ry .  S ince  nonad iaba t i c  coo l ing  p l ays  a 
ma jo r  ro l e  in  de t e rmin ing  hea t ing  r a t e s ,  t he re  i s  a n e e d  f o r  f u r t h e r  s t u d y  o f  
t h i s  phenomenon,  and it  i s  s i g n i f i c a n t  t h a t  a t  t he  p re sen t  time there  does not  
e x i s t  a d e f i n i t i v e  s e t  o f  e x p e r i m e n t a l  r e s u l t s  t h a t  p r o v i d e  t h e  n e c e s s a r y  con- 
f i rma t ion  o f  t heo re t i ca l  methods on which heat ing analyses  such as the  p re sen t  
one are based. Basic expe r imen ta l  s tud ie s  o f  r ad ia t ive  hea t ing  from  flows 
wi th  nonadiaba t ic  losses  are thus  ve ry  impor t an t  i n  e s t ab l i sh ing  methods f o r  
ana lyz ing  hea t ing  a t  hyperbol ic  speeds .  
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Previous invest igators  have shown t h a t  i t  is  p o s s i b l e  t o  a v o i d  excessive 
r ad ia t ive  hea t ing  by  the  use of  a con ica l  en t ry  veh ic l e .  The need  of  th i s  
approach f o r  manned p lane tary  miss ions  and  thus  the  need  for  deve loping  a new 
class of en t ry  vehicles  depends s t rongly on the  magni tude  of  the  rad ia t ive  
h e a t i n g  f o r  b l u n t  b o d i e s .  For th i s  r eason ,  e s t ab l i sh ing  and  eva lua t ing  the  
requi red  methods o f  hea t ing  ana lys i s  are ob jec t ives  o f  ma jo r  s ign i f i cance .  
The s e v e r i t y  of t he  en t ry  hea t ing  has  a d i r e c t  effect  on the  des ign  of  
thermal-protection  systems.  Analyses show t h a t  u n c e r t a i n t i e s  i n  t h e  h e a t i n g  
environment and in  the  r e sponse  o f  hea t - sh i e ld  materials to  the  envi ronment  
r e s u l t  i n  50 pe rcen t  unce r t a in t i e s  i n  the  r equ i r ed  we igh t  o f  t he rma l -  
pro tec t ion   sys tems.  O f  greater  importance,  however, i s  the   a lmos t   t o t a l   l ack  
of  experience with the response of  heat-shield materials s u b j e c t e d  t o  r a d i a -  
t i v e  f l u x e s  o f  t h e  level  p o s s i b l e ,  namely, 5 t o  10 kW/cm2. The a b i l i t y  o f  
appropr ia te  mater ia l s  to  wi ths tand  these  f luxes  wi thout  ca tas t rophic  fa i lures  
such as s p a l l a t i o n  must be  e s t ab l i shed  be fo re  the  r e su l t s  o f  ana lyses  such  as 
the  present  one  can be accepted with confidence.  For t h i s  r eason ,  t he  need  
fo r  de f in i t i ve  expe r imen t s  i n  t h i s  a r e a  i s  every b i t  as grea t  as  i t  is  i n  t h e  
case  o f  r ad ia t ive  hea t ing .  Once t h i s  key s t e p  i s  made,  an orderly  program  of 
advancing  the  necessary  technology  can  be  developed.  This  program  should 
inc lude  mater ia l  formula t ion ,  charac te r iza t ion ,  and  tes t ing  a long  wi th  the  
analysis  of  thermal-protect ion system response.  From t h i s  program w i l l  evolve 
the advanced materials and  methods o f  a n a l y s i s  s u i t a b l e  f o r  a p p l i c a t i o n  t o  
manned p lane tary  miss ions .  
Other  technologies  associated with enter ing the Earth 's  a tmosphere will 
a l s o  r e q u i r e  some advancement p r i o r  t o  any manned p lane tary  miss ion .  The 
p resen t  r ev iew sugges t s  t ha t  i n  most a r eas  o the r  t han  the  two j u s t  d i s c u s s e d ,  
the required advances can be expected from normal evolutionary growth. 
The problems associated with capture and landing a t  t h e  t a r g e t  p l a n e t s  
were a l s o  examined. The en t ry  speeds  a s soc ia t ed  wi th  mis s ions  to  Mars and 
Venus a re   re la t ive ly   modes t ,   no t   exceeding   about  1 2  t o  1 3  km/sec. A t  t h e s e  
speeds ,  en t ry  hea t ing  i s  not excessive even with some inc reases  due t o  t h e  
effects   of   composi t ion  of   the  planetary  a tmospheres .  The primary  thermal- 
p ro tec t ion  p rob lems  a re  a s soc ia t ed  wi th  the  s i ze  o f  t he  en t ry  veh ic l e s .  These  
vehic les  are e s p e c i a l l y  l a r g e  i f  atmosphere braking i s  to  be  used  fo r  cap tu re  
a t  the  planet.   Perhaps  the  key  problem  examined  for  planetary  capture  and 
landing is  tha t  o f  ob ta in ing  the  r e t a rda t ion  des i r ed  from the tenuous atmo- 
s p h e r e  b e l i e v e d  t o  e x i s t  on Mars. Analyses  suggest  the need for  deploying 
very   l a rge   parachutes  a t  supersonic   speeds .  The technology  required i s  i n d i -  
c a t e d  t o  b e  w e l l  beyond cu r ren t  expe r i ence .  Pa rachu te  t e s t s  i n  the  uppe r  
par t s  of  the  Ear th ' s  a tmosphere ,  a long  the  l ines  cur ren t ly  be ing  pursued  in  
support  of  unmanned missions,  are suggested as a l o g i c a l  s t e p  i n  t h e  e v o l u t i o n  
of  the required parachute  technology.  
Many of the problems examined for planetary capture and landing would be 
eased  with  improved  knowledge  of  the  planetary  environment. I t  i s  suggested 
27 
t h e r e f o r e  t h a t  unmanned missions to  def ine the atmosphere composi t ion,  s t ruc-  
t u r e ,  and winds and t o  d e f i n e  t h e  s u r f a c e  c h a r a c t e r i s t i c s  are a key s t e p  i n  
p r e p a r i n g  f o r  manned p lane tary  landing  miss ions .  
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